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i.” Transactions, Vol. 119, 1954 


Page 815, Eq. 13 should be changed to 
2M 2 Mi, 


ae 1165, line 6 of Mr. Beedle’s closure, the reference to Figs. 6 and 7 aut - 
be changed to Figs.3,8,and9, | 


™ 1166, lines 1 and 2, » the reference to Fig. 8 should _ Figs. 10(b) and i. 7 


the references to Figs. 14(a) and 14(6) should read ad Figs. 
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J. TURNBULL AND CHARLES R. Foster 


A soil can often be stabilized by compaction at the proper water content. —— 


and it describes the variations in the density we 
strength by variations in rolling and lift thicknesses in field 


The term “s soil stabilization” is usually defined as the method by which 
soil structures of desired bearing capacities a are produced. Most definitions _ 


7 are amplified by the statement that the desired bearing capacities are produced 7 


by) the addition of other substances. § Soil Stabilization processes that include 
the addition of other substances require the processing and mixing of the soil © 
a = and, in most cases, the adjustment of the mixture to a desired water content Le 
followed by compaction. In m: any i instances the desired bearing capacity can 
4 y Pp pacity 
tr a be obtained by the latter two processes— water-content adjustment and com-— 
— paction—without the addition of another substance; therefore, it seems logical © 
to consider compaction a: as a means of soil stabilization. 
_ The attainment of a high degree of strength is usually associated w with a * 
high degree of compaction. This simple association is not entirely correct — 
- because the attainment of a high degree of strength, or any desired lesired degree of of 


g __ Nors.—Published, essentially as printed here, in April, 1956, in the Journal of f the Soil Mechanics Soil Mechanics 
and Foundations Division, as Proceedings Paper 934. Positions and titles given are those in effect when q 
the paper or discussion was approved for publication in Transactions. 


Soils Div., Waterways Station, Corpse of Engrs., U.s. Dept. of the army, Vieks- 

4 Chief, Flexible Branch, Ww experimen it Station, Corps of Engrs., U.S. 8. Dept. of 
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WIVID 40. YTH1IDO2 YADIA: AMA 
a ‘strength i in oie. soils, is contingent on the presence of the proper water | 
content and density, and both these properties must be considered in n all cnaes. 
VARIATION OF STRENGTH wiTH MoisruRE AND DENSITY 
ad ‘The ‘necessity for considering. both water er content and density in study; ing . 


a the strength of compacted soils is well illustrated by the laboratory test for 
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ib hammer, 18-in. drop 
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NG W ATER Versus. Density anp CBR 
California Bearing Ratio (CBR). Fig. shows the water content- 
density relationships, and Fig. 1(b) shows the water content- CBRr relationships Pe | 
that are developed when a group of samples of a cohesive soil are compacted __ 
at various water contents and compactive efforts and s subsequently tested for 
their ‘CBR-value. ‘The procedure re of using more than one e compactive effort 
yields a range of densities for each water content. The results shown in Figs. 


1(a) and 1 are for dean cummed as! ML- CL according to the Unified 
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COMPACTION 


= The liquid limit is 38, and the index is . 
3 13. The soil | was obtained : from the zone of weathered loess native to the — 


States Department of the pa at Vicksburg (Miss. ) As shown in Fig. 1(a), 
a = for any single compactive effort, the density increases as the water content in- 
_—s ereases until an optimum water content is reached beyond which the density 
; ‘decreases with increasing water content. Also, as the compactive effort in- 
-_ creases (additional blows), the maximum density i increases and the optimum 
q water ‘content decreases. The optimum water contents can be connected 
er i generally with a smooth curve ‘havi ing approximately the same shape as the 
1(b) shows that, as the water content increases, the CBR-value 
"generally decreases. The curves in Fig. 1(b) were developed from CBR-tests 
performed on the samples compacted for the moisture-density 

: “Bach point in Fig. 1(b) has a corresponding point in Fig. 1(qa). = 
The moisture- density- CBR relationships shown in Fig. 1 can plotted 
the relationship between the CBR and the density for equal water contents 
«Fig. The plot in Fig. was made by reading density values: 

_ Fig. 1(a) at given water contents and corresponding CBR-values from Fig. 
, 1 (b). These values are plotted in Fig. 2(a) and are joined by smooth curves. : 
For the lower water contents the CBR increases with an in increase in density. 
For the intermediate water contents, the CBR increases with increases in _ 
_ density to a certain value of density, at which point further increases in den- — 
sity produce d decreases in the CBR. _ Generally, the CBR decreases when the a 
moisture and density conditions are such that they plot above and to the 
7 right of the line of optimums shown in Fig.1(@), ss 
. | Curves of unconfined compressive strength versus water content and 
density show the same pattern when plotted in the manner just described. = 
_ Triaxial test results will also show the same pattern if the deviator stress is 
used at a low percentage of strain; these results do not show the reduction in : 
_ strength at the higher densities if the maximum value or ultimate value of the — 
deviator stress is used. . Unconfined and triaxial test results have been pre- _ 

ented’; however, only the CBR-test results are examined herein. | ia i 

‘The decrease in CBR with an increase i in density has also been ee: 

under certain circumstances) in the field test sections at the Waterways _ 

anc Station. The most striking oceurrence was in a series of a 


constructed at an average wa of 16. yielded 
values i in the desired range. However, as traffic was applied the CBR de- ; 
creased to considerably less than the desired value of 15%. The test was not ; 
entirely successful because failures developed too early. In the second test. 
a section the soil was ; placed at a water cortent of 14. 7%, and the subgrade CBR Bia : 


*“Soil Compaction Investigation,’ Technical Memorandum $-271 Waterways Experiment Station, 
Corpe of Engrs., U. 8. Dept. of the Army, Vicksburg, Miss. -" . na 
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COMPACTION 
_ increased during traffic to more than 15%. © “Again the test was not entirely — 

successful because no failures developed during traffic. In third test 
+ section the average water content was 15. 2%. The CBR during traffic was | 
{ generally in the desired range, and the tests were successful because part of the 
i. track failed and part of it did not. g The reduction in strength that oc occurs an 
under ‘certain conditions in the laboratory and in the field tests has been 
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is ‘Fie. 3. oF SoaKING ON STRENGTH 


wer 
—- The CBR-test results shown in F Fig. 2(a) were made on — in the 

as-molded con _ Therefore, the pattern of results sh 


pre 
ah 


as-mo condition. own in 


in moisture after compaction can be studied by compacting specimens at a range ee 
of water contents and compactive efforts, and by subjecting the specimens J 
to a soaking procedure before making the CBR-tests. The Corps uses a _ 
- four-day soaking period to estimate the most severe condition likely to 


“Reduction i in Soil St 
120, 1955, p. 808. 


with Increase Density.” by Charles R. Transactions ASCE, 
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Xe, 
in nature (excluding frost. action). The savaples are confined during 


the soaking period by a surcharge equivalent to the weight of the paveme am = 


Ly pically, the soaking tests produce a large reduction in the CBR of 
materials compacted dry of optimum, a smaller change for those materials — 
- compacted at approximately optimum, and only a slight change for those 
compacted wet of optimum. Fig. 2(b) shows the pattern of the CBR versus 
density for equal molding water contents. The term “molding” should be 
emphasized because the molding water content has as much influence, or more, 
on the CBR as the water content reached in the soaking test. The low 3 
CBR for samples compacted both dry and wet and the higher CBR-values for | of 
samples compacted at approximately optimum a are well illustrated. ~The effect — 
procedure may be demonstrated better by comparing results 
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this comparison 


soil compaction conducted at the Waterways Experi- 


ment Station included field- -test sections to study certain variables. Data are 
presented herein to show the effect of (a) ‘repeated pas passes of the rollers, ‘(b) 
_ variation in the size of feet on a sheepsfoot roller, (c) variations in tire pressure ~ 


All data are { for 
conditions immediately following compaction. len 
The test sections for the different studies were generally similar. All were 


_ made ‘of the lean clay described herein. _ Soil for the sections was processed 
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to the desired water conten spread a over the t test to 
thickness. Each test section contained from four items to six items, each at Py 
Meee water contents ranging from dry of optimum to wet of optimum. As 7 


each lift was spread, it was compacted with full-scale construction equipment 
to the intended number of passes. All lifts were 6 in. thick after compaction 7 
except in the tests to determine the effect of lift thickness. The sections - 
7 were generally built three lifts high. Following construction, in-place CBR- an 
tests, water-content tests, and density tests were made within the middle lift. | 
2 _ Sheepsfoot Roller—tIn the study of variation in size of sheepsfoot-roller | 
- ‘feet, the roller was operated with 7-sq-in. feet, 14-sq-in. feet, and 21-sq-in. feet. - 
_ The two larger sizes were obtained by welding plates on the normal sheepsfoot- 
roller feet. _ The roller was a dual-drum oscillating type. Each drum was — 
605 in. in diameter and 66 in. long, and was equipped with 120 feet (30 rows — 
with 4 feet per row). _ The shanks of the feet were nominally 7 in. long but 


were newer longer for the larger ae size because of the plates orev to the a 
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content, in dry weight dry density, in in ib per cu ft 


— 5.—CBR, Denarry, AND Warer-ConTent Data ‘(Frevp 


250 lb per sq in. (assuming one row of in with ‘this 


soil). * The gross oe for the roller, re. both drums, was 14,000 lb, be 


was pulled ‘by. 24,0002b 
L" tractor. wea at an average speed of 3 miles per hr. Separate lanes were — 
_ provided in which the roller was ras operated to allow for 6 ‘passes, 12 passes, wie - 
att Fig. 4 shows typical plots of the data collected in the study. The plots 
are for 12 passes of the 7-sq-in. roller and 24 passes of the 21-sq-in. roller. 


The CBR-values are the average of five tests; the density values are'the 


results of individual tests. Similar plots were prepared for each of the variables 
‘i (nine plots each for CBR and for density). Fig. 4(a) illustrates the best of ‘ 
the nine from the of of data, and Fig. 
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plots and were then to fit | to the outize 
group @ plots). Fig. 5 shows the adjusted curves for a Ib-per-sq-in. 
 sheepfoot roller with a foot area of 7 7sqin. Fig. 5(c) 1 shows curves of density 
versus CBR for equal water contents. batho S05 gi anv? Till dome 

_ g08 An analysis of the density and water-content data plotted i in ‘Fig. 5 shows x 
that an increase in the number of passes or an increase in foot size had the 

- same effect as an increase in the compactive effort in the laboratory test. “As 
the number of passes or the foot size was increased, the maximum density — 
- increased and the optimum water content decreased. _ Fig. 6 presents plots of 

- maximum density and optimum water content versus the number of passes; L 

curves ‘are: shown for each erent foot si size 
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imum water content, in % 


14-sq-in. foot 


an Si... 
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e | Maximum dry density, in pounds per cu 
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anp Optimum Water ConTENT 


The combined effect Of changes in passes and foot size can be shown by 
using the combined factor, E, termed the index of compactive ve effort, in w hich 


di foot size X number of passes 
The smallest value of the product of foot size times the ne of passes equals 
_ 42(7-sq-in. foot times 6 passes) ; therefore, the constant 42 is used so that the — 
smallest value becomes unity. 7 7 shows plots. of maximum density and 
nly a a optimum water content versus the Kee factor, E; good relationships 
In Fig. 8 CBR-curves versus equal water-content values are 
nad - plotted. Water-content values, w, were ‘selected to illustrate conditions on 


iad 


i the dry side of optimum, at approximately optimum, and on the wet side of 

Baye: { The curves show that the size of the foot had little effect on the the 
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q =e followed the same general pattern described in the foregoing. The roller 
? - consisted ¢ of a load box of the trailer type mounted on two sets of dual wheels" 
y Be arranged so that all four wheels were abreast. Each set was mounted on _ 
. walking beam, which was free to oscillate from dhe to side to insure equalload 
on all wheels. The wheels were equally spaced with a clear width between oud 
them that was almost equal to the width of the tire print. There were two , 
v assemblies for the wheels, one for pressures of as much as 90 Ib persqin.and 
, the other for p pressures of as much as 150 lb per sq i in. The former assembly 
: used 18:00 X 24 tires, and the latter used 16:00 X 21 tires. _ Tests were made f 
_ with the tires inflated to 50 lb per sq in., 90 lb per sq in., and 150 lb per sq in 7 
it was desired to maintain the tire-contact area for each test as nearly the — 
- same as possible; . therefore, the load was varied. — The gross roller weight was a . 
63, 500 lb, 100, 000 Ib, and 125, 000 Ib, respectively, for the inflation pressures Ps 7 
of 50 lb per sq in., 90 Ib per sq in., and 150 Ib per sq in. 
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7-sq-in. 
- 14-sq-in. foot — 


Maximum AND OPTIMUM ConTENT 


In the tests the effect of tire pressure was greater than that of repetitions, he 

and ‘the results were prepared accordingly. Fig. 9 shows the composite 
= curves ‘for 4 coverages. Separate curves are shown for the different tire pres- 
sures. ‘¥ An increase in tire ‘pressure f produces the same effect as an | increase i in 

nt compactive effort (number of blows) in the laboratory test. As the compactive 
g effort is increased, the maximum density increases and the optimum water — 

content decreases. ‘The. combined effect of tire pressure and coverages can | be 


_ shown best by curves such as those shown in Fig. 10. Plots are shown for a 
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provided in which the roller was operated for 4, 8, and 16 coverages. A cover- 
‘iy age is defined as one application of a tire print to the entire area being me Be. 
compacted ; two passes of the roller produced one coverage, = 
‘The results of the CBR-tests, water-content tests, and density tests were 
ips 
of 
the 
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“COMPACTION 
‘relatively content, one at approximately, optimum, and one on the 
} Ww wet side of optimum. For water contents on the dry side of optimum and at © 
f optimum, there is a definite increase in density with an increase in tire pressure er 
and coverages. On the wet side of optimum there is little i ‘increase in — 
with an increase in either tire pressure or coverages. 
aw The strength measured by the CBR could not be related. to the specific - 


Fig. 11 shows CBR-curves versus for three selected water 
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one wh one at approximately optimum, and one wet of optimum. It can ie 


little effect. the ther two. water contents the lesser coverages produced 
the highest CBR at low densities ; at high densities the reverse was true. This — 
7 feature was “moors to a limited degree i in the laboratory, but no conclusions > 
«Lift Thickness. —The effects of variations in in lift, were studied by 
‘ial test sections of the lean clay and by compacting with the rubber 
tired roller with the tires inflated to 90 lb per sq i in . and 150 Ib per sq in. z Lift 
thicknesses varied from _— 6 in. to 24 in. after compaction, = 
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7 condition of water content and density was obtained with a few repetitions of §.§ /x—_ 
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os Skee traffic of airplanes would produce compaction in the relatively 


‘The results of the CBR-tests, _ water-content tests, and density tests were Py. 
plotted in individual charts, as illustrated for the sheepsfoot-roller tests. 


large volume of data was collected, but only o one outstanding feature is illus- 
_ trated herein—the lower density found in the lower levels of the thicker lifts. 


plots ¢ of intermediate type to those described. Near 
the compaction surface the density was approximately the same regardless 


coverages 
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Fic. 11.—Errecr or Coveraces on CBR ror Lean Test Friis 


90 L Ls B PER Se In., and 150 Ls PER Sein.) 

of the lift thickness. It decreased with depth below the on surface; 
4a the gradient was nearly the same in the 12-in. lift as in the 24-in. lift. It is’ 
_ apparent from these tests that lifts that are thi thicker than normal will ‘Tesult 


Pressures or 50 Ls per SqiIn., 


depend on the inihe purpose for which the fill was constructed. For fills 
that would be subjected to heavy wheel loads, as in airfield construction, — a 
the layered effect would not be tolerable because the repetitions of heavy — 


ypnempneteS | bottom zone of the thick lifts, thus resulting i in objectionable — 
settlement. ‘The layered fill might be | suitable in levee construction if the 
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ae The decrease in dent with iii below the compart surface is is a result 


density ‘versus water ¢ for conditions produced by: the rubber-tired. 
roller in a 24-in. lift. Curves are shown for different water letien oe 
conditions at zones in the lift and were interpolated from inter 

A study of the CBR-values" measured ‘in the different lift thicknesses 


‘indicated that the primary Variables were and: and 


“noe effects of lift thickness were discernible. 
Operational | Characteristics —No attempt i is made herein to consider th 


he same was true for the rubber-tired | roller | at three 
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below cor 
| below con 


Depth 


Dry density, in pounds per cubic foot ; 


Bie 


— 
— 
| — 
4 
34,000-Ib crawler-type tractor could easil — 


COMPACTION 


2, The | bond between lifts was better in the lanes res SF with Ps ag 
roller than i in those compacted with the rubber- tired roller. 


or Density In DiFFERENT ZONES OF A Lirr 

(Tree Pressure = 90 Ls perSqIn.) 


Laminations produced by the rubber-tired roller were more pronounced than 


: om 3. Rolling was very difficult for lift thicknesses of more than 12 in. vate 


~ 


of ruts formed on the first pass. 


‘From the receding it is apparent ‘that a wide range strength 


me ‘The density and strength should be adjusted to the conditions of the jb. 
There is no merit in obtaining unusually high densities and strength unless 
a they benefit the design. In airfield and highway work relatively high 
are desirable to prevent subsequent compaction under the large number of 
load repetitions that will occur. dams and levees a lower density 
ical and adequate d I it may be 
ee produce the most economical and adequate design. th 3ome cases ay a 
rt desirable to construct on the wet side of optimum to produce a plastic fill. — 
_ This method was used by the ‘senior writer* for relatively low dams constructed — a. 
on loess. — Large settlements were anticipated in the foundation ; therefore, a a 
plat fill that would settle without cracking was desired. 
> ae every case the variations in density observed in these data could a 
directly to ‘compactive ¢ effort. Increasing the number of repetitions of 
blows in the laboratory test or passes in the field increased the compactive é 4 
¥ me effort . Likewise, increasing the size of the sheepsfoot-roller feet and the tire 
of the rubber-tired roller: ‘increased the compactive e effort. 


“Utility of Loess as a Construction Material,” by W. J. Turnbull, Proceedings, 2d International 
Conference on Soil Mechanics and Foundation Rotte-dam, Vol. Vv, 1948, Pp. 97- 103. 
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related to compactive effort; decreasing the lift. thickness increased it... 
a all ¢ cases the increase in | compactive effort produced an increase in maximum 
‘density and a decrease in optimum moisture. Generally, the strength measured y 
_by the CBR followed the variations in water content and density. The rela- 


tionship between the CBR, water content, and nd density i is rather complicated 


immediately after compaction) and in Fig. 2(b) (for éonditions after soaking). : 


a hes: Based a on the data presented i in this paper, the following | conclusions ¢ can be 


can be stabilized. to yield a given over a fairly 
7 wide range of values by a proper consideration of the water content and density. 

ty in 2. 2. The relationship of strength, water content, and ‘density i is complex but — 
follows s the general p patterns illustrated in Fig. 2. 
_ 3. Variations in load repetitions, foot size, tire pressure, and lift idbaes 
ae “An increase in compactive effort produces an increase in maxim me. 


_ The studies described herein were conducted under the direction of the 
Office of the Chief of Engineers as a part of the over-all development of design — 
x criteria for airfield pavements for the United States Air Force (Department — 
of Defense). _ Gayle McFadden, M. ASCE, Thomas B. Pringle, M. ASCE, 
and F. B. Hennion of the Airfields Branch of the Office of the Chief of Engi- 
neers monitored the study, for which guidance was furnished by Arthur Casa-_ 
grande, ‘Donald W. Tayl lor, Kenneth -B. Woods, Omer J. Porter, and Philip 
Rutledge, Members, ASCE, acting as consultants. The laboratory and 


field work was accomplished by the Flexible Pavement Laboratory | of the ; 
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_ molding water content, (b) type and amount of compactive effort, (c) presence > ee q 
or absence of a source of water, (d) soil ty mid (e) confining pressure, and (f) _ 
An excellent summary of the effects f factors (a), (0), and on the 
} "stability of a compacted clay soil has been presented i in the paper. However, 
- conclusion 1 might be amplified by adding ‘ ‘and with due consideration for 
the effects of soil type, confining pressure, and nature of applied stresses.” a 
Failure to consider these factors may lead to erroneous conclusions in estab- 
lishing compaction requirements to achieve a specified stability, = = 
Fig. 14 shows compaction and soaked CBR-data for a limestone residual : 
soil sampled near Bedford (Ind. ). . The d data were obtained by J. ‘Richard bed 
7 J. M. ASCE, as. part of a more comprehensive investigation u under the 
‘direction of E. J. Yoder, A. M. ASCE. The clay has a liquid limit of 80 and ; 
a plasticity i index of 45, and 55% (by weight) of the particles are smaller than 
2 microns. All samples were compacted in a CBR-mold in five layers by a 
10-lb hammer falling 18 in. and were subsequently soaked for four days with 
surcharges as indicated. _ Of particular significance is the important effect of 
confining pressure « on the soaked CBR-values obtained. For a -compactive 
_ effort equivalent to the test developed by the American Association of State 5 
7 Highway Officials (AASHO) as modified* by the Corps of Engineers, the peak 
6 value of soaked CBR falls from. approximately | 6.5 to approximately 1.5 when — 
Fete) - the confining pressure is reduced from 1.4 lb per sq in. to 0.7 lb per sq in. 
a Comparable effects on the compressibility were previously measured by H. C. 


Woodsum,* and the differences in behavior, depending on whether water 


Fig. 15 shows curves of soaked CBR versus density : at ‘méiding x 
b water contents. _ These curves were drawn from the data presented i in Fig. 14 _ 


7 clan chow a an n initial i increase followed by a aon’ in the peak pf og ‘soaked 
CBR. y This difference in behavior is s only one manifestation « of the effect of 


soil type on the properties of compacted clay. 


* Associate Prof. of Soil Mechanies, Purdue Univ., Lafayette, Ind. 


jing 7“Plastic Moisture Barriers for Highway Subgrade Protection,” by J. Richard Bell, thesis presented 
bs to Purdue University, | Lafayette, Ind., in 1956, in partial fulfilment of the requirements for the degree : 
“Airfield Pavement Design, Flexible Pavement,” Engineering Manual for Military Construction, 
- Pt. VII, Corps of Engrs., U. 8. Dept. of the Army, July, 1951, Chapter 2, paragraph 3(b), appendix (6). 
*“The of Two Compacted Clays,” by H. C. Woodsum, thesis presented to Purdue 
University, Lafayette, Ind., in 1951, in — fulfilment of the requirements for the degree of Master of © 
* _ Discussion by G. A. Leonards of “Effect of Com 
Conference on Soil Stabilization, Massachusetts Inst. 


a 
; a 
5 
— 
q 
__by the authors show a continuing increase in the peak value of soaked CBR 
= 


For a given confining pressure (Figs. 14 and 15) the largest value of th he 
soaked CBR is obtained when the clay is compacted at optimum ‘moisture 
content but at an intermediate degree of compaction. — The writer has used ' 
word “ov rercompaction”’ i 
considerable importance when compacting highly plastic or or 
subgrades for highway and airport pavements. aha, pre. 
Bins — 


SS dlowsperlayer 
25 blows per layer 
blows perlayer 
Surcharge = 1.4 Ib per sq in. 
Surcharge =0.7 |b per sq in. 
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Dry density, in pounds per cubic foot 
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Fra. 14. Warer Content Versus Dry Densiry AND CBR Gt. 


The characteristics of compacted ‘soils 


“Strength Characteristics of Clays,”’ by Gerald A. Leonards, ASCE, Vol. = 
«8 “ Effect on Vibratory and Slow Repetitional Forces on the Bear Properties on Soils, ” by G. P. ee 
_Tschebotarioff and G. N. McAl: in, Technical Development Report No. 57, Civil Aeronautics Administration, 
8. Dept. of Commerce, Washington, D. C., October, 1947. 
3“ Effeots of Repeated Loading on the Strength and Deformation of Compacted Clay,” by H. B. 
- Seed, C. K. Chan, and C. L. Monismith, Proceedings, Highway Research Board, National Research Council 
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a — ON COMPACTION 


dependent on the nature of the materials in contact with the clay. 4 These d 
4 effects are not fully understood, , and the CBR-test is not an adequate measure © 
stability under this type of loading condition, 
For a given type and amount of compactive effort, a clay soil compacted | 
on the wet side of the optimum moisture content will have a higher degree of — 
saturation ; be more compressible, more flexible, ‘and more impervious; have ~ 
_ a lower shear strength ; and lose less strength on coming in contact with water — 
if it were to be compacted on the dry side of It is important 


of soil type and confining pressure. example, an earth dam 
subject to differential settlements may be compacted somewhat on the dry 

‘side of optimum if it is constructed of highly plastic clay. Bt Imperviousness — 


| 


Dr density, in pounds per cubic foot 


15.—CBR Versus Dry Density 


‘would “not, a and the higher initial shear strength (and lower 
) would permit the use of steeper side slopes than 

would be possible if compaction on the wet side of optimum were specified. 

- The e confining pressures are generally sufficient to prevent a large loss in strength — 
_ when the soil comes in contact with water, and the dam will be flexible enough 
to adjust to the differential settlements without cracking. Compaction 
* the dry side of optimum, using soils of low plasticity, may result in excessive 
4 leakage and dangerous cracks in the dam. Conversely, the low confining 
_ pressures afforded by highway pavements may cause the loss in strength, — 


where moisture content is increased by swelling, to dominate the performance 


al 


_In summary, clay ‘soils can be wholly evaluated 


in terms of moisture content and density if—and only if—the following factors — 


of Selected Combinations of Subgrade | and Base | Course Subjected to Repetitive 
Leading,” by A. Havers, thesis presented to Purdue University, Lafayette, Ind., in 1956, in partial — 
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soil ty, pes; typ pe ‘amount of « ‘effort; 
pressure; (4) presence or absence of a source of water; (5) nature of applied 
loads, sustained or repetitive; and (6) strength, stiffness, and a 
Unfortunately, the quantitative ‘effects of some of these factors” are im- 
perfectly known, and a completely rational basis for design has not been 
a formulated. _ Nevertheless, failure to consider all the factors involved may lead 


_ either to inadequate compaction requirements or to ‘uneconomical design. pi 


Joun A. Focur, A. M. ASCE.—Of particular interest are the 
in Fig. 2, showing that the shear strength of compacted cohesive soil (measured — 
- by CBR-tests), both in the unsoaked and soaked condition, may decrease 
with increasing density. . Fig. 2 indicates conclusively the necessity for proper 
moisture control during compaction so that attainment of the specified density . 
will produce the desired stability and strength. Ata low compaction moisture 
content, the specified density may be attained easily by increasing ig the effort, 


thus producing a strong an but one which may become saturated and lose 


too and contractors the terms, ‘100% Proctor” and 
” describe a fill possessing ‘ ‘ideal’”’ “qualities, particularly 
4 structural fill. following accounts of two fills compacted to 
= so- -ealled “100% but were ‘not stable, illustrate the 


_ requested to compact the clay heavily, even though it was dry, in an effort 

_ to achieve high density. After the building was in service, the fill increased — 
in moisture content and heaved the floor slab up approximately 3 in. _ The 


In another instance the backfill of a deep footing excav ation was controlled 
'* produce 100% of the laboratory maximum density, | but the moisture con- - 
was greater than optimum. Ther ring wall foundation for a water tank, 40ft 
in diameter and 80 ft high, overlapped the backfilled excavation approximately 
12 ft. _ When the tank was first filled with water, plastic failure of the ‘fill 
lien permitting a downward movement of 5 in. on one side of the ring 
a = and resulting i in significant tilt of the tank. The backfill, even though — 7 
4 at 100% laboratory maximum density, did not have adequate strength ag 
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> = that very strong, dense fill may lose most of its strength when saturated. — s a. 

Unless moisture control is required, density specifications for many types of 
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‘ZEGARRA ON ‘COMPACTION 

these two concepts of stabilisation by 

_ produced unsatisfactory fills. Consideration of the general relationship of 
4 strength, water content, as presented by the authors, would 
have helped to avoid the difficulties that developed. — ‘These situations are 
cited to emphasize further the authors’ statement, under the heading, “Sum- 
- that “the density | and strength th should be ac be adjusted to to the | conditions 

oh It is hoped that the paper will cause engineers to consider why they are 

- compacting their fill, what they want to achieve, and what should be done to 
obtain the desired stability, rather than merely requiring the contractor to 
produce 95% or 100% density without any consideration of moisture 


@ 
has been, and still is, an empirical subject and, in many cases, an amateurish one. — 


— J. ZeGARRA,'* A. M. ASCE.—Stabilization of soils by compaction _ 


and method of compaction required to produce a predetermined s strength. 40 oi 
Serious, detailed studies are available in the professional sub- 


Rubber-tired roller 


a 
o 8 coverages 
16 coverages: ie 


passes 


24 passes 


ject has been considerably illuminated by the authors. For their research 
they selected the lean | clay native to Vicksburg; this clay is one of the soils — 


_ whose properties are best known. From the findings of the research they have 


‘rd 


chosen highlights and significant facts—they refer to the comparison of results — P 


achieved by conventional laboratory compaction techniques with the results — 


obtained by field methods and equipment. 


to **Soils and Foundation Engr., M. W. Kellog Co., New York,N.Y. 
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“EGARRA ON COMPACTION ihe 
ran hid uns practical conclusions will be drawn, deduced by a analy: zing certain ibn 
iven in the paper and additional data furnished by the authors. ‘These 
g Pp 


; = consist of the test result 


saemneciin the data have been 1 crn and summarized in Figs. 16 and 17. . 
«Fig. 16 shows the envelope of the peak values of the individual curves of mold- 
_ ing water content versus dry density for field compaction, using sheepsfoot rol- 
Jers and rubber-tired rollers ; these values are also shown for laboratory methods | 

_ designated as conventional (blows delivered by a hammer) and as ‘‘Harvard”’ 
(apparatus developed" by Stanley D. Vilson, A.M. ASCE). All these curves 


may be with the theoretical values for 100%, 90%, a and 807% 


Conventional 


Rubber-tired roller 
compactive effort Delay 


Ar, 


Fic. 17.—Water Content Dry Density Versus CorrecTeD 


optimum water content, results, for field cc compaction 
| _ with rubber-tired rollers. _ The term, compaction, as used herein will refer to 7 


é peak values of dry density and optimum water content. The following armel 


™ ‘1. Field” compaction by rubber-tired rollers appears capable of. 

values that correspond at least to those at 90% saturation. 

7 image Light and medium rubber-tired rollers are ineffective to increase com- 4 

paction regardless of the number of coverages. Heavy rollers do increase com- yo 

paction moderately with increasing coverages. 
Field compaction with sheepsfoot rollers of uniform pressure a 


consistent trend toward increased compaction with respect to the size of foot a 
_ and number of passes. — However, the envelope curve has no relationship to @ 


17 “Comparative oda the ant of a Miniature Compaction Test With Field Compaction,” 
‘Wikes, Paper at the a annual meeting of the ASCE, New York, January, 1950. 
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ZEGARRA ON ON COMPACTION 
curve. The low dry unit weights iebteined this in- 
dicate that the resulting mass of soil would be compressible and, therefore, 


Conv entional laboratory compaction methods indicate no relationship to 
field compaction curves or to saturation curves. By coincidence, the highest " 
_ compaction achieved by conventional laboratory methods (Modified AASHO) c 


has the same numerical value as field compaction by the heaviest rubber-tired _ 


_ §. From Fig. 17(a) at the high water contents (19%), a constant CBR is | 
obtained regardless of the compactive effort. At low water contents (approxi- 
_ mately 15%) the CBR increases with pressure and number of coverages. _ 
There is no relationship with the CBR of laboratory compaction, 
_ 6. Rubber-tired roller compaction yields a family of curves with respect aoa 
s tire pressure and number of coverages for medium and heavy rollers. 
7. From Fig. 17(6) there is no relationship betweer een laboratory and field” 
8. Field compaction with light, rubber-tired produces a ‘constant 
i: 9. There i is a reasonable correll ation, resulting in families. of curves, show g 
correspondence between the CBR, pressure, and coverages for medium oo 


tion, which has been suggested as ‘the underlying fact—the soil structure re- 7 
. 5 sulting from the different compactive ‘efforts affects directly, in an unknown — 
the density, water and shearing resistance as measured ny the 
The CBR-values for | shee psfoot- roller ¢ compaction compared with maximum q 
dry density and with optimum water content have not been plotted. In gen- 4 
eral, the CBR v ersus dry density points show a greater scattering for sheepsfoot ; 
rollers than for mn rubber- tired rollers, but there i is a good agreement i inthe CBR 
versus optimum water content with the dy namic laboratory compac tion 
method. T his agreement is is somewhat amazing in view of the low dry densities 
obtained with sheepsfoot. rollers, but it probably has a ‘relationship to the ty] 


Conventional laboratory. ‘effort is dynamic; Harvard laboratory effort 


to 
nearly s static; : sheepsfoot- roller effort is static send kneading ; and rubber- tired- 
7 _— Each type of effort evidently achieves compaction | by a unique a arrangement 
J. of particles in the soil mass, which has an undetermined effect on the a 
* 4 resistance. Furthermore, it is believed that under the influence of saturation — 


the particle arrange ement is disturbed and eventus ally becomes stable. 


at high ranging 16% to 21% for the 55- 
effort a1 and from to 8% % for the 6- blow eff effort. Whether compaction on in 
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the field shows a similar trend toward the 100%-saturation line is not know: 
a Unfortunately, the data on the CBR are not available for the Harvard - 

method of com action. The c compaction curve shown in Fi ig. 16 was compiled | 
P 
by Wilson in a paper presented at a Society meeting in January, 1950. Be- 
_ cause the Harvard method produces compaction values that are in close agree-_ 


ment w ith field by tired rollers and because the. effort 


a design the CBR base that no existed 
_ between field and laboratory compaction results. Asa matter of of historical — 
record the | the original California co compaction 


-erhaps this fact rom obscured in the intery rvening years, “but has. been 


idly illustrated by T urnbull and Foster. dhe i 

ti ith this background, the following conclusions may be made Pbenieenys 
ie a Rubber-tired rollers having high tire pressures are capable of producing 


*?g range of high | compaction values with v varying number rs of cov erages. 
Laboratory compaction proc dures (Hi: urvard and Modified AASHO) 
_ yielding compaction values near to or equal to 90% saturation are most likely 
be duplicated by field compac tion using rubber- tired rollers. 
a 


tg Sheepsfoot rollers used for compacting g clays : are unable to effect proper 
compaction, and soils stabilized in this fashion are likely to be more compres-_ 


In addition to these conclusions, two to show a more 


method for the design of fills: First, laboratory compaction methods (Modified 
A ASHO | and Harvard) that yield a maximum dry density equal to that at 90% 
~ saturation or better should be specified for field compaction with rubber-tired — 7 
rollers (when a percentage of maximum compaction is specified, the value 
be selec ted from the 909 o-saturation curv and second, , rubber- tired 
iJ 
rollers of heavy and medium w veights should be specified for field compaction | in- 
preference to light-weight rollers or sheepsfoot rollers, 
authors have reported clearly and concisely the of a Ww ell- 
and carefully conducted research. Their efforts shouldbe a 
fw those who are concerned with this subject both in the field and laboratory. _— , 
‘Data, especis ally those from the field, are notoriously scarce, and yet this 
is precisely ‘where significan can be ‘made on different soils. 
When sufficient evidence is available to generalize the foregoing conclusions | 
« with respect to one type of soil, the ‘subject of compaction will have become | 
Kazuo B. ASCE.—Inter resting information on soil com- 
. paction has been pres sented. ee: _ Among other things, it has b been emphasized that 
a high degree ‘of compaction does not necessarily lead to high strength. The 
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content at which the soil was we was In fact, 
_ the data presented showed that, on the wet side of optimum, a high compac- 
_tive ef resulted i ina of This w was because for 


The optimum moisture of the soils encountered in highway work in Hawaii i is 
_ usually much higher—almost twice the foregoing values. This high optimum — a 
moisture makes the use of the Modified- AASHO ‘method of doubtful value. 
Several modern highway projects have been. completed, involving soils hav- ‘| 
ae @ ing natural moisture contents of from two to three times the optimum value. ; 


2 rom approximately 15% to 20%, depending on the applied compactive effort. 


+ 


| For i instance, on one recently completed project, the liquid limit of the soils 
was in the range of from 60 to 70, whereas the natural moisture content ranged 
at times from between 70% and 100%. Such soils were very stable in cut but © ‘4 
a in fill construction. Drying out the soil was 
e authors have s stated, under the heading, “Sum- 
mary,” that ein some cases it may be desirable to construct on the wet side of ; 
optimum to produce a plastic fill.’ i The economical solution to the problem 
was, indeed , the construction of such a fill. Experiments showed that a 
_ TD-24 tractor was best suited for the work. The fills were all constructed by _ 
end-dumping in one lift of from 15 ft to 20 ft, and the applied compactive effort — 4 
consisted simply of running the tractor. (w ith a bulldozer blade) over the top 
of the lift to level it off. Many times it was not possible to do even as — 


as this. Therefore, the compactive effort was very slight, in accordance = 
4 principle illustrated in Fig. 1 » which shows that, as the optimum moisture 
increases, the compactive effort must be lessened. If the compactive effort is _ ' 


It 
weg to show i in this 1 manner r that a an end-dumped fill, puries one that 


is dumped in one 15-ft lift, will settle many inches. ~ Actually the ohne 
project ; mentioned previ iously, which has been completed and opened t to traffic 7 
= approximately 1} yr, showed » very little settlement subsequent to the final <f 
paving of the . Levels were at numerous 
4 


ae 0. 06 ft, or approximately ¢ i in. 
so during the construction period, and ‘the malice ‘settlement by 


laboratory tests on remolded samples did not materialize, 
The compactive effort must be made to suit the nature or characteristics of an 
soil, and one should not arbitrarily insist on applying the Modified-AASHO 


compaction procedure or Standard- AASHO compaction procedure to all soils” 
(even for highway w ork). _ Again, as the authors have stated under the head- = 


9 


a ing, “Summary, ' “there i is no merit in obtaining unusually high densities and - 


strength unless they benefit the design. aa To this one m mig 
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TURNBULL-FOSTER ON COMPACTION, 
J. TURNBULL, M. ASCE, AND R. Foster, Me 
ASCE —It was not intended to present the subject as solved; instead the ; 
riters meant to show that the effect of compaction on a soil i is complicated, 


to present one method of study, and to stimulate additional thought and study. er 
Mr. Leonards correctly calls attention to the fact that the patterns of the es 
CBR, water content, , and density shown i in the paper are ty pical of soils. that 
how’ little ‘Soils that swell appreciably in the presence of water 
have different patterns because of that swelling. Mr. Leonards mentions that 
the peak CBR OCCUTS : at an intermediate degree of compaction. Iti is suggested | 


hat in we orking with sw elling soils first consideration be given to the swelling 


“and compactive efforts can be followed ua each sample tested for ‘swell during ca 
soaking procedure. A study of expansion, ‘molding \ water content, 
molding density should be made to determine the molding water content and 
density that will result in a tolerable amount of expansion. The CBR-value 


for these conditions must be nocepted even if it does not represent the peak ¥ 


therefore, in airfield work or in highways i inv volving senate traffic, it may be 


necessary to bury the layer deeper than indicated by the CBR-design in order © 
to sumpaction by traffic. alll! TE lips 


affect the clay. The i ea test can measure only the stability — 


: = exists at the time the test is is made. By itself, the test cannot predict | 
the strength that the soil will have its are by 


change, | other processes). To the test est. must be 
- coupled 1 with other procedures that adjust the sample to the future condition. 7 
In this respect, it is no different from any other because no test can de more 
measure the that exists at the time it is made. Hi siting 
: por a highly plastic clay for an earth em on the re ais of optimum in 
a > order to achieve a steeper side slope. _ The capacity to accept differential mov ve- 
3 ments without cracking outweighs many times the advantage of steeper slopes. __ 
_ The writers | can n only agree | with and endorse: the comments made by Mr. 


The comparison made by Mr. Zegarra of the percentage saturation 
obtained by the various compaction methods is interesting. The writers — 


is desired, what Ww to ac by it, and how hei 


Chief, Soils Div., Waterways Experiment Station, Corps of U. S. Dept. the Army, 
Vicksburg, Miss 


2% Chief, Flexible Pavement Branch, Waterways Experiment Station, Compe a Engrs., ‘U. . 8. Dept. 


of the Army, Vicksburg, Miss. 
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TURNBULL-FOSTER ON COM PACTIO 


Wi ith to trend 2—the | tired ‘roller teste at at ‘Vicksburg 
ee made with the same roller loaded to three different weights. . These — 
gross weights were 64 000 Ib lb, 100,000 lb, and 124 ,000 lb, and the e designations, 
“Tight, medium, | and heavy,” should refer to these loadings ‘rather than to 


a Ww ith reference to trend 3—the maximum | unit weights of soi soil achieved | uy 


A ith the  sheepsfoot rollers, at the various numbers of cov erages, , ranged | 
90% of Modified AASHO maximum (6 passes with a 7-sq-in. foot) to 97 To of 
Modified AASHO maximum (24 passes with a 21- ~sq-in . foot). These are 
‘relativ ely high densities for cohesive soils and are low only by comparison with — 
the values obtained with the rubber-tired rollers. The writers cannot A sere 
that the soil w ould be eause lange settlements. 


In general, hes w writers 2 agree ¥ with Mr. Zegarra’s first second ‘conclusions, 

a but they do not agree with his third conclusion because it is believed that 

_ sheepsfoot rollers may be entirely satisfactory for compacting lean clay s soils: 

Hirashima draws attention to problems encountered with an unusual 

~ goil in Hawaii. The writers have had no experience in such cases but wish to _ 
compliment him for using common sense rather than blindly following a 
_ practice established for entirely different types of soils. However, it is felt 
_ ‘that the soil in the fill, end-dumped in one 15-tt lift, probably went through a 
hardening or cementing process after being placed in the fill, thus accounting 

a. for such a small settlement. The clause added by Mr. Hirashima, | “unless 
the sa same can be attained economically,” is especially apt. It was felt that the | 

; 4 phrase, “benefit the design,” was synonymous with economics because the pro- 
3 _ duction of the most economical design that will get the job done (within 


acceptable maintenance limits) ii is: task. Howeve er, ‘it is 
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AMERICAN “SOCIETY OF ENGINEERS | 


‘TRENDS IN HYDRAULIC 


the Army), its requirements for hydraulic of 
size and exacting serviceability, has developed and tested several types 
"sluice, crest, ‘and intake gates, s some of which are novel in design or applica- 
Ss tion. The most successful gates from a practical standpoint are an improved, Bi 
hy draulically operated slide gate that hs has operated | under 285 ft of head and 
an eccentric-trunnion tainter sluice gate designed for 200 ft of head. gia 


All the described ith the of the re tainter 


from real demands arising: from project conditions and were made only after a 
much experimentation and many model tests. At times, howev er, it wasreq- 
_uisite that a bold decision regarding the use of some of these devices be made. 
‘Iti is of ‘interest t to note that ; as late as 1946 it was firmly believed that ‘no greater ” 

> depth of water than 25 ft could be discharged over an ogee spillway without , 

_ shaking the structure to pieces, and that sluice gates could not be operated _ 
under heads exceeding 100 ft for an extended period of time without being 
-destroye ed by cavitation and erosion. Because both these values have been 
_ more than doubled (as of 1957) without any harmful consequences, quite a 


aa Nore.—Published, essentially as printed here, in October, 1954, as Proceedings-Separate No, 51 
- Positions and titles give en are those i in effect when the paper or discussion was approved for publication § in 
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GATE DESIGN 


few other 
- sluice gates have also been licasded:" At the present time (1957) there are no — 
ao arbitrary li limitations on the size or operating head of any type of gate pend 


possibly on the hy draulie slide gate. 


Callies 1946-1947 the Corps conducted a survey of all know wn and 
_ hydraulic gates including those built and operated by other agencies and by 
private corporations. The purpose of this ‘survey was to determine i in so far as — 
~ possible the operating experience of various types of gates and, also, the types pes — 

_ best suited to specific conditions. At the time many diverse opinions — 

. a 4 partly s substantiated criteria were current among engineers in this this field. The 

“a survey was launched with the expectancy that all bothersome « questions s would 
be answered and that henceforth the Corps would make no errors either in 
gate type or in the detailed design of the type chosen. — The ‘Corps 

was ‘particularly interested in high-head gates that when partly open could 
“operate in closed conduits, 

Unfortunately, the results of this | survey were, at the time, rather i incon- 

- husive e. _ Almost every type of gate has been used at some time to control water 

_ under almost every possible condition. Butterfly gates, usually used as shutoff — 

7  valy es for penstocks, had proved successful as free-discharge sluice gates under 

high head at Ross Dam (Skagit River), and many ‘roller- train gates of the 


Broome or similar ty pes w ere serving with varying success in conduits as high- 
head sluice gates. ~The reports on slide gates show ed the frequent occurrence 


erosion, cavita itation, and vi ibration of the g gates. ‘The tainter gate, had been 
suggested because of its desirable hy ydraulic properties for high-head discharge, — 
but at the time no such use of the gate had been attempted in the United © 
States. The Stoney gate, the e cylinder gate, and 1 many varieties of the needle 
valve had already resulted in excessive maintenance « costs, which were verified — 
— during the survey, and none of these gates have been used in a Compe project 4 


In 1946 the Corps planned several “projects in which high-head gate 
ie unusual size or application were required. Spurred by necessity and dis- — 
A satisfied with informs tion obtained from the surv rey, , the Corps undertook . 
series of full-scale tests on slide gates and tainter The first of these 
tests was performed on a 4-ft-by-6-ft sluice gate at Norfork Dam (North Fork 
River). E ventually the Corps « dev veloped a sluice slide | gate that could be 4 
used in small sizes at ; any gate opening under heads a is high as 200 ft anda — 
_ sluice tainter gate suitable for the same usage, but odécthcally unlimited in noe 
Essentially the 6g ag accomplished by tests of the Norfork slide gate g 


of the dow the gate guides. The taintergate tests at Norfork 

were a demonstration rather than a new development. _ However, the tests did 
prove that a t a satisfactory closure could be made either with expansible rul are 

i 3 seals or by u using solid rubber § seals s and trav ersing the gs gate with an eccentric 
—The gate, with a | body 


aa 


— 
— 
A 
— 
— 
= 
ag 
— 


of 6 ft by 10 it. Several of (195 wor 
since the development of the Norfork type, have proved uniformly satisfactory “9 
for continuous operation at any opening under heads up to at least 200 ft. One — 
gate has actually been successfully operated at a 285-ft head. Because the 
a _ standard slide gate when installed costs between $400 per sq ft and $500 “i 
ft, it is too expensive to be used i in every case. lated a ey, 
_ Practical limitations on the size cylinder and on the intensity of oil 
E _ pressure make 6 ft by 10 ft the maximum size for this gate. - Thus, this type of 
gate is unsuitable for larger conduits. Slide-gate bodies are made of cast steel; _ 
- attempts to make them of welded steel el plates have not proved economically —_ 


‘The Garrison Tainter Gate-—The Garrison tainter gate (Garrison Dam, 


Missouri River) is 18 ft wide and 24.5 ft high w with a head of +169 ft; the total. .~ 
water thrust is 4,700,000 Ib, but only one 7.5- hp1 motor is s required for operation. 
- This design was tested as a model at Vicksburg, Miss., and further tested as a 
Aft. by-6-ft model under a 182- -ft head at at Norfork Ds Dam. The three Garrison 
gates have been installed and have been tested under 180 ft of head; ; operation 
Dam it was to control the discharge of of a 22- 


a ater comparable to that « of an equivalent area of small standard slide gates. 
Although there is every reason to believe that the tainter gate will en- 


i es satisfactory for its intended task of discharging up to 25,000 cu ft per - 
of water without vibration of the gate or r damage to the gate or conduit, it - 
—_— that the hy draulically a actuated rubber seals mounted on the | gate frame are 
- unnecessarily elaborate and costly. The Corps has dev eloped, tested, and built | 
an improved and much cheaper version of the high-head tainter v we f for. Look- 
out Point Dam (Middle Fork, W illamette River). doy! 
Lookout Point Tainter Sluice —One of the series of tests at Norfork 
shown that it was quite practicable to move tainter gate transv ersely against 
a solid ‘rubber sealing frame by the use of. an eccentric-trunnion mounting. 
There were strong indications that the water passages below the gate frame _ 
should be abruptly enlarged not only to provide a mounting for the seal but | =? 7 _ 


also to provide ample aeration for the water jet. this. fashion almost free. 


discharge conditions would be obtained. This ty pe of gate mounting * much — 
8 impler than the Garrison design, both structurally and hy draulically, and its = - 
Atha 
- initial cost prov ed to be much lower. | 
a sluice gate for a head of 200 ft that v was somewhat: largest 
practicable slide gate. The gate finally developed is 6 ft 9 in. by 12 ft and i is ' 


nounted on a power-operated eccentric trunnion, which enables the operator to a 


‘hee the gate to clear the frame-mounted soiid rubber seals before raising — 7 


or lowering. ‘This clearance eliminates rubbing friction and makes it pos- 
‘sible’ ‘to operate the gate with a small, although exceedingly long, hydraulic 
cylinder. The hydraulic cylinder is more suitable than a mechanical device a 
because it tends to “dampen out’ small oscillations of the gate itself. The a 
gap at the seal causes & tremendous shower of spray to form in the chamber — 
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below the _ during movements, but this has proved to be more spectac cular 
= The seals of this gate consist of a uniform section of hard rubber securely 
clamped: to all four sides of the gate mounting. Rotation of the eccentric 
trunnion through | the beve reled ¢ gear train moves the gate backward or forward — 

_ through a total movement of } in. The eccentric member of the trunnion is — 
mounted between inner roller beatings and outer roller bearings that take the — 
entire thrust of approximately 1,000,000 lb. The traversing mechanism is_ 
driven by a 15-hp motor. The gate is opened and closed by a 7§-in.-diam- 

eter oil cylinder, which acts on a moving in fixed guide The oil 
In operation, the eccentric ¢ member withdraws the g gate to clear the seals, the 
required vertical mov ement is made, and, then, the gate is moved forward to — 
clamp firmly against the seals. With the gate securely clamped, vibration 
cannot occur and, in fact, there is no perceptible vibration under any operating 
condition. . - the unsealed anneal water jets freely through the seal gap and 

fills the g condition lasts only a few minutes 
the is protected by a concrete steel enclosure. 
 ; _ One of the attractive features of this gate is its wd cost—approximately 


making ‘this much than the largest slide gate. 
cause no difficulty has been encountered in designing tainter gates with total — 

; thrusts: of 4,000,000 Ib using plain trunnions instead of roller trunnions, by) 

using a heavi ier eccentric-operating. mechanism one ‘might well 
quadruple the area of this gate before encountering mechanical difficulties. 
There is no reason why gates of this ty pe § should not prove to be feasible up 

to 300 sq ft in area and for 300 ft or more of head. plipe'abavodals visa conrad 

_ Detroit Dam Fizxed-Roller Vertical-Lift Gate. —At about the same time that 

the Lookout Point tainter gate was undergoing development, the 400-ft-high : 
Detroit Dam (North Santiam River) was also being planned. Ordinarily the 
Corps would use three tiers of standard slide gates in a dam of this height so 
that operation of the gates would not have to be undertaken at heads exceeding — 
100 ft. Flood routing and stream regulation at Detroit Dam demanded pos- : 
sible sluice operation at any reservoir level. The results of certain tests, in- 
cluding those from Norfork Dam, indicated that, if mechanical difficulties could 
be overcome, the slide gate could be designed to operate at a 200- ¥ head and, v 


5 ft 8 in. ber 10 ft.) ial ly 
Because sliding friction is the limiting factor in slide-gate fixed rollers" 
were used and this, in turn, rn, dictated the use of a welded- plate gate body. The © 
seals are a standard J solid rubber section for top and sides. This gate has 
. - been entirely successful in operating at any gate opening up to 285 ft. The — 
; A necessity of using a welded-plate gate body has, however, made this a rather | 
costly gate, and it is certain that the design will not be repeated. (The dis- 


re a4 charge capacity is 7 1000 cu ft per sec.) di he eccentric-trunnion tainter gate is 
far more suitable » and economical for this type of location. of 
tall ary Intake Gates.—At merge Dam River) a novel solution 4 
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“supply 15,000 cu ft per sec of water to the am 000- hp Kaplan wheels, a jell 


problem because gates have been built to widths for the 107-ft 
; involved. The solution offered an opportunity to facilitate operation by pro- | 


viding, at low cost, means for quickly closing any - gate without using the travel- A 


"wa The gates at MeNary | Dam are standard roller-train gates with rubber seals. ad 
Each gate body consists of five units joined together sc so that the gate body asa 

_ whole is semiflexible and, thus, compensates for inequalities of track and permits _ 

“ even bearing under load. ad. Each gate is suspended from a fixed lifting beam 
through two hy draulic ¢ cylinders | with safety dogs to | prev vent involuntary gate 
drop. The gates hang just high enough to clear the water pennnge, and any — 
gate can be quickly lowered by the operation of two oil valves. W hen it is 


“necessary to work on ‘a gate, the gantry crane is used to withdraw the entire 


_ gate and beam assembly. Thus, individual gate operation is secured at a frac- _ 
of the cost individual hoists. Ondinanily two large cranes would have 


can be and this alone more tine pays for the extra cost the beams ‘al 
Modern Tainter Gate.- —The tainter gate has undergone a minor revolution 
in design and usage. Although the well- -designed tainter crest gate used 
(1930" s) for Caddoa Dam (Arkanene River) was of low-alloy steel having a 
ir 3 limiting stress of 27,000 lb per sq in., the gate was overly heavy and, because of 
the lavish ‘use of curved plates and it was rather costly. The anchor- 
ages were eye-bars securing a 20-in.-diameter trunnion pin 14 ft long, which - 
3 yas subjected to heavy bending stresses. The tainter gate that has been 
evolved during the past ten years has a gate body 1 made of carbon s steel, and 
with inelined end frames it is and no more compos than an av 


costs $37 per sq ft hoists. is a 
7.5-hp motor, which lifts both ends of the gate simultaneously by means of a 
high-speed countershaft. The Corps has b built larger tainter gates, p to 40 
2 by 50 ft, and several hundred more are planned (as of 1957). _ The shina ‘crest 
gates are well standardized in a simple design with a minimum number of mem- 
bers. Full advantage is taken of continuity. The weight is low and bid prices 
are usually little higher than those for average bridge steel. The Corps is now a _ 
investigating the use of post-tensioning for gate anchorages. By simply anc ie é. 
af ing the usual trunnion girder to the concrete pier by long, high-strength steel 


. bars or wire ‘cables, it should be possible to eliminate 75% of the weight and e 
* 60% of the cost of the heavy anchorages, a 


Large Vertical- Lift Roller-Train Gates.- inl has been found from extensive 


pr more, at least for sizes up to 18 ft wide by 25 ft high 4 high heads. The © 
‘on invariably uses one gate for each power intake. Howev er, outlet 
4 sluices it is desirable to have at least three gates so that some discharge ca: capacity. 
will be available even though one a is inoperable. Where there are ~a 


a ] nquiry that a single gate of the vertical-lift ty "pe is is more economical than two J 
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«GATE 
leaf For example, the tt-by-23-{t rolier-trein sluice gate at Fort 
Randall Dam (Missouri Riv er) i is a welded body gate with the improved bot- 
— tom shape of the type of the Norfork Dam. Hitherto these large high-head _ 
gates have been bs built with nearly square bottoms because of structural con- 
siderations. The Fort Randall gate was designed with a 45°-sloped bottom i 
- member of cast steel in order to minimize downpull resulting from low-pressure | 
that. occur at this point w when the is s partly open. in innovation has” 


at abnormally low heads, some vibration occurred because the up- 
stream pressure was insufficient to secure ' the gate against the guides. t (The 


New Skimming Tainter Gate —In connection with studies of the proposed — 
a ~ navigation locks for the Ohio River, it was found that several spillway gates of : 
aspan of approximately 100 ft by a height of 36 ft would be required. Because 

; considerable time was available for planning, some extensive cost cotaperisosis 
--were made of single vertical-lift and double vertical- -lift gates and of rolling gates — 
of the type used on the Mississippi River. — The double vertical-lift gate had 

been favored, but studies were undertaken of a double-leaf tainter a 

The problem was to provide a skimmer gate that could be lifted to a great 
q ‘height to clear floods. | Skimming was s requisite in order to pass ice and drift 
a and also to conserve water for a future power plant. By placing a fixed cable 4 
or chain hoist high ¢ on the upstream e end of the gate pier and by running the ; 

; hoist ‘eable over a set of fixed rollers mounted on a circular segment, it was 

possible to maintain a fixed-position hoist line. After passing over this seg- 
mental roller bed, the cable extended to an idler mounted on a trolley, which 

also. moved on a segmental track. The hoist line passed over the idler * and 

- then dropped vertically to the tainter gate. The final result of this indirect 

4 rigging was that the hoist line was always vertical to the gate, and the > required 

pull on the line v was almost constant, arying only with the water- “pressure 


cablapiotinn action of this gate is secured by overrunning the hoist in a al a 


closed position, the weight of the separate skimming leaf the de- 
by the research and development work of the Cc Jorps. Slide gates of ‘moderate 
a operation of large power intake gates has been simplified by the use of i | 


d 
the basis of the presented ‘it is believed that the utility 
of both the hydraulic slide gate and the eccentric tainter gate has been extended i 
¢ 
size can be designed to serve in a partly open oasitien: for discharge under high 
heads without adverse hydraulic or mechanical effects. -Tainter gates up to 
the larger dimensions can be used ec onomically as high- head sluice gates. 
hydraulic cylinders. Several useful innovations in ona 
_ have been developed and have, ved 
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of th she Interior, Washington, D. C., 


STREIFF FON GATE pasion 


ApRanAM Srreirr,? M. ASCE.—There is no field of design that 


has attracted the inventive engineer more than that of the hydraulic | gate. 
ms © This field is as old as civilization itself ; Herodotus (450 B.C.) wrote: “The | 
. - great King : of Persia blocked up p all the passages between the hills with dykes” by 
and flood gates.” In modern times there are hydraulic gates of every con- 


. S ceivable system, shape, and s size. . Vibration and cavitation are the nemesis of - 


hy draulic gate design and are » not necessarily confined to high heads. lid They — 
ina were encountered in 1890 at the then comparatively new Stoney gates of the 5 Seats 
Chavres power plant (on the Rhéne River below Geneva, Switzerland). 
Bens The account given by Sir William Willcocks, who, at the beginning of the 
ait century, tried to find an acceptable design for the deep sluice poten 7 
of Assuan Dam (Nile River), is interesting.’ Hee chose the gate, n 
adr More recently, the Bureau of Reclamation, United States Department of gi = 
the Interior (USBR), launched a program of high- head structures and acquired mf 
invaluable. experience in the design of high-pressure outlets. The adverse e ex- 7 
periences encountered by the USBR are carefully discussed in the work of 
L. Savage,‘ Hon. M. _ASCE, On high-pressure outlets. The lessons 


‘contained therein have sometimes been overlooked, with diamal resulta, as 


“bat The first comment to the author’ 8 the 
taken a survey of existing gate systems is that engineers would welcome publi- a 
Ad Mr. Buzzell’s belief, stated in the “Introduction,” that “as late as 1946,” "no 
-— depth than 25 ft could safely be discharged over an ogee spillway is 
generally shared. The USBR had 50-ft- -by-50- ft gates long” before 1946. 


56 ft 9 in. by 52 ft 6 in. and were built in 1914. The writer designed one spill- 
way containing 50- -ft-by -30-ft tainter gates, which have passed a fi flood of 500,000 _ s. 
cu ft per sec with an overflow depth of 41.5 ft (1952), and another ‘spillway, i 
= built in 1945, containing four tainter gates, 78 ft 9 in. by 36 ft. Both of these 4 
5 stand | on gravity ogee sections more than 80 ft high; the first spillway spansthe 
— Colorado River in Texas and the second, the Duero River in Spain. Fei latter 
4 are the largest tainter gates in existence. Be 
is ‘The main conclusion derived from the paper is the : reversal of the findings 
in the USBR manual on high-pressure ‘outlets. ‘ This manual concluded that 
best results will be obtained with the gate placed at the downstream outlet of 
“4 the conduit. . This principle was also used by the Corps ii in many ep tl 
as at Mud Mountain Dam (White River). conduits virtually 
- compelled a step backward in fact and in effect; the gate moved back into 


The gates at Leufenbure (on the Rhine River), although o on a ‘lows ogee, = a 


Years in the East,”’ by Sir William Willcocks, E. & F. N. Spon Ltd., London. 


4 “Hi Reservoir Outlets,”’ by M. and J. L. Savage, of Reclam: 
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standard of these i in use for many years. ever, in years Paradox 
gates and Tube valves have been placed ‘ Borer ovooet: tubes, as sat 
Marshall Ford Dam (Colorado River) and Grand Coulee Dam (Columbia 
River). _ The results have e not been altogether satisfactory because it is prac- 
- tically impossible to ‘design a perfect hy draulic gate under conditions of inac- 
cessibility, confinement, and incipient cavitation. Underwater corrosion, mud, 
calcareous deposits, and barnacles soon cover ev ery thing, and the roller tracks my 
deteriorate v with the gates. he decision to use tainter gates in locations 
afflicted is a bold step on a hitherto unprecedented scale and one that de- an 
serves commendation. cautious attitude be maintained until years 
of operation have confirmed the expectations. partly ‘ope Garrison 
gate, deprived of its fixed support, may be subject to heavy "Wiibani ti at 
25,000 cu ft sec 169 ft of gate would shoot a 


ameter round ‘conduit flowi ing at ft per sec full laid 
-embankment. will an enormous hy compressor of no 
prety The w writer fears that ‘such use for any of time would | 
adverse results similar to those at the spill tunnels of Hoover Dam (Colorado st f 
_ River). It would seem more advisable to disperse the | flow into smaller units. _ 4 
— The value ¢ of the deep intake is debatable for many reasons not connected w ith — 
the gate design. Such deep intakes are found in many foreign installations vhs 
that have up to 300 ft of head and turbine intakes; they are then prov ided 
with» filler gates, as at Hohenwarte Dam River, Germany). Inside 
free-discharge gates in such cases are avoided. 
‘™ ‘The McNary Dam intake gates for large Kaplan units are a big i improve- =) 
ment over the sy vstem used by the Tennessee Valley Authority (TVA). _ ie 
Germany, hydraulic operation of head gates for large Kaplan units is wide- — 
8 spread. iz Oil pressure is usually 800 Ib per sq in. ; for starting under high head — 
 @ second pump ) for 1,680 Ib per sq in. is added temporarily. ‘The closing time 
- wadies from 10 sec to 30 sec; at the TVA dams it is 30 min or more. The I 
McNary intake seems, therefore, better equipped ; it is a considerable advs ance — 


over other systems. - For a smaller unit having a | capacity of 4,000 cu ft per sec, an 


w writer has used one tainter gate, ftby 29ft. 


Inclined struts shave been ex- 


are "apparently “still considerably heavier then’ 

designs and they cost a great deal more. The moving part of a 40-ft- 

_ by-25-ft gate at ‘Buchanan Ds am (Colorado Riv er) weighs 50,000 Ib; at Granite 

- Shoals Dam (dow nstream of Buchanan Dam) the 50-ft- by-30-ft gates’ weigh | 
110,000 Ib. In 1951 a8 cost of the latter (including ee was $21, = 


a the total cost of gate (including and was only $17 per 
‘ft. The use of long steel bars to anchor the gate by bond into the pier has been _ 


“Painter Gates of Record Installed in Spanish Dam,” w Abraham Streiff, Civil 


the conduit. The USBR also reversed itself; slide 
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ON GATE DESIGN 
‘the usual practice for half a acentury. The thrust of 1,753,000 Ib : of each strut 
the 78-ft-9-in-by-36-ft gates is supported by twenty- -three imbedded and 
_ upset, prestressed 3-i -in. bars held only by bond. Half a century of experience — 
f in the design of: this type of gate has produced a surface gate that ‘is lighter 
7 and more economical than any other type of hydraulic g gate for surface : spillways 
ana that soquires a minimum of maintenance. 


at “part gate” if they are, their ultimate w ill be a matter 
of time in the light of all previous experience covering the period from the in- a 
_ troduction of roller trains (ci irca 1890). It would be of interest to know sen -_ 
innovations were introduced to warrant a new trial. “i 
Grorae R. M. ASCE.—Design of hydraulic gates is a specialized. 


4 field that engages relatively few Fewer still have had the experience 


of actually operating the equipment. — _ Because interchange of this information _ 
‘ei is meager, Mr. Buzzell’s 8 contribution i is particularly valuable and welcome. e- 
ws The Corps’ survey of hydraulic gates was a very thorough | undertaking ; it J 
_ was only practical to be undertaken by a | ZOV ernment agency. Undoubtedly 
“much valuable information was obtained, ,and it is regretted that it could not : 6 es 
be made available to interested engineers. Many designers are not fully aware 7 
of the objec tions to various types of gates and of why some gates have fallen — 
into disuse. The m manu: al? of the USBR has as proved very helpful and is ae 
ferred to by many gate » designers. _ The w riter. appreciates this opportunity to to 
learn of the large number of special gates described by Mr. Buzzell. 
ai — On severa] projects w ith which the writer was associated, sliding, flat, steel 
gates without wheels were used to close off diversion tunnels that by ypassed : A 
the stream flow during the construction of the dam. These gates are designed J 
_ the full reservoir head but a are closed during the | low flow period ; a & perma-— 
nent concrete plug is then constructed in the tunnel. _ Burning through a 
_ supporting hanger and allowing the gate to drop freely is the usual method for 


] 
; closing these gates. s. Itha has been used successfull y for, for gates up | to » 16 ft wide by 


jange required three div ersion gates, each approximately 


af size would be excessive. Th herefore, it was decided to lower the gate by utiliz- — 
ing the intake gate hoists. The gates were equipped with rubber ‘J seals and 
i bushed wheels on cantilever axles. _ The gate body was designed to withstand — 
the reservoir head of 180 ft. The wheel assemblies were designed to withstand 

7 only the e closing head of 50 ft under normal working stresses. 
a the reservoir filling would increase the pressure on the gate and deflect the 
: a. cantilever axles by $ in. until solid blocks on the gate came in contact with the 
7 2 steel guides, giving solid bearing from gate to guides to withstand the pressure Loa ]- 


a from the full reservoir. This method permitted a eenaidenaiie saving in the 


design of the wheel assemblies, 


a * Chf. Architectural and Structural Engr., Ebasco Services, Inc., New York, N. Y. wis ie 


“Valves, & Steel Conduits, Design & Construction Manual, Design Supplement No.7, 
of Reclamation, U . 8. Dept. of the Interior, ee Colo., Vol. 10. 
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HOLT ON GATE DESIGN| 


as 


late as 1946 it was firmly believed that no greater depth of water than 25 ft 


could be _ discharged | over an ogee spillway without shaking the structure to 
** 


pieces * * *.”” In Canada j in 1923, vertical- lift spillway _ of the eionny type, 


G. H. i is stated (in the “Tntroduction”) that 


gates are operated with little or no freeboard. The great majority are exposed __ 
to severe winter conditions, some being located where temperatures drop to | 
—50°F. The tainter gate has been used comparativ ely little in Canada. iy 
Climatic conditions undoubtedly are largely responsible for this. 
‘The statement (under the heading, “Trends in Gate Design: Large Vertical- _ 
Lift Roller-Train Gates’’) that, until the “oo Fort Randall gate was designed 54 
with a  45°-sloped_ bottom member * * * ' high-head gates had been built with — ve 
4 nearly, square bottoms because of structural considerations * * *,” is rather sur-_ 
_ prising. For more than 35 yr, the 45°-sloped bottom has been wsedl extensively _ 
i in Canada for intake gates and free-discharge gates. More than six hundred 
@ of these gates have been built during this period. Normally the skin plate i is 
_ placed on the downstream side, and large vent holes are provided in the sloping aa 
bottom and in the bottom cross girder. - This construction reduces vacuum 


effects on the bottom to the point where they have little effect on the hoisting — 


_ effort with gates of normal size. Gates as wide as 45 ft and as high as 34 ft 
; with heads up to 75 ft have presented no insuperable difficulties in design or 
construction. Head gates of this type are self-lowering against full-turbine 
q flow “a8 can be raised cota full head without the use of bypass valves. 
an s. —This is an excellent summary of operating ex- 
periences with high-head gates, on which, formerly, little data had been avail- ax . 


_ able; it forms a valuable contribution to the design of control structures. The | 
developments in hydraulic gate design have been necessary in view of the rising 
costs of materials, which have made conventional and satisfactory gates, such © e 
ah The of the bottom of the gate leaf to have a well-defined con- 


past designs, continuous shifting of the control point from the “upstream 

to the downstream end of the gate leaf resulted in the fluctuations of 

sures at the bottom of the gate leaf and, hence, vibrations) ; = 
AT ‘The reshaping of the downstream end of the gate slot to minimize dis- 
turbance due to sudden expansion of the area at the gate slot; and 


3. The enablement: of the conduit t to ‘flow only full so so as to allow 


_ § Mech. Engr., Eastern Div., Dominion Bridge Co., Ltd., Lachine, Quebec, Canada. Bete Ri nll 
* Deputy Director, Central Water & Power Comm., New Delhi, India. 
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on GATE DESIGN 


ni These were the e gates and 
a gates, which were used as regulating sluice gates, but the gates still developed 
_ trouble at higher heads. ~The use of tainter gates has proved satisfactory and _ 
economical and is a definite improvement. itis of interest to note that. the ; 


4 River) a 22-ft-by-19-ft gate is installed to ‘operate. under a 113-ft head. . The ) 
design for this gate has been conventional without any provision for hydrau- 

tically actuated or pneumatic seals or for an eccentric pin. These gates have 
i proved entirely satisfactory. It will be useful to compare the extra cost of the 
arrangement of pneumatic rubber seals or of an eccentric pin with that of the — 

hoist ifthe seal used at Norfork Damisused. 
It is generally found that slide gates are arranged in in tandem so that 
gate is used as a service gate e and the other in front as an emergency gate. » The ‘ 
utility of this method is appreciated when there are only a small number of - * 
_ sluices. ii However, if there are a greater number of sluices, it may be more 
r economical to provide one regulating gate for each of the sluices and only « one 
emergency gate operated by a gantry crane and mood 

capable of closing any of the sluices. In practi- ntautt 
cally all the projects there is agantry 4 

crane on the top of the dam for anumber of other heatieed T an 

purposes. This crane will be used for operating ip oa 


i? 
It will be useful to know the design criteria te ww 


Flow 
for the conduit liners so as to determine their ould, 4 


thicknesses and their lengths sin front of, and 198 

downstream of, the gate. It is not known “at si 
"whether Mr. Buzzell’s cost estimate of from 
$400 per sq ft to $500 per sq ft is the total cost inst onl 

of service and emergency gates or the individual od 

It is stated the fixed- wheel gate 


ty Fixep-WHEEL GaTE 
rangement has proved to be too costly because — 


> ore 
of the welded-plate gate body. In Europe and in India, ha the welded-— 

va gate body is more economical than cast-steel slide gates. i] Hence, fixed- -wheel 
gates have found greater applic ation than slide gates. This hae been reflected i in 

_ the installation of fixed-wheel gates for regulating porpeees: rather than ‘slide 
gates. ‘ Similarly for conduit liners, structural steel plates are preferred to 0 caste ; 


any water pressure 
except for spray; ‘the necessity for ‘the liners in the gate shaft is not 


7 


; ‘pat the gate closes by its own weight, will a . mechanical hoist with chain or: 
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AM Gustave WEBER". —Some of the 1 more re notable developments i in 


of great value bet engineers engaged in similar w because of 


its designers had for preliminary model testing and for subsequent observation 
of actual operating characteristics of the installed The author’ 


engineers agree. The latter have long since abandoned the idea that sluice- gate a i 
a operations should be restricted to ns tt re the total effective head 
‘The USBR has numerous slide gates in many ways similar to the earlier 
type that are in serv ice at heads usually below 100 ft, but in some instances at 
heads up up to 125ft. In general, their performance has been satisfactory . How- | 
ever, in some installations, not necessarily the ones at higher heads, there have: 


lower edges of dow gate frames. a few of these cavita-— 
- tion has reached such a. advanced stage that extensive repairs and alterations. 

have been necessary. > The normal service gate has a bottom slope of from 1. 0 
7 to 15. An n earlier ty pe of rng of the — has a horizontal bottom with a 


remain undamaged for many years ofservicee 
The 45°-test type of design i is a definite improvement over the older type in| 

which the bottom of the gate is parallel or nearly parallel with the bottom of the — 

water passageway ; the trend is toward this newer design, with the contour of 

_ the bottom of the leaf and the angularity of the faces on the sides of the dow n- 

. stream frames below the slots not greatly different from the ones used on the 
test gate. This trend applies not only to slide > gates but also to the larger 7 
-Toller- -mounted g gates | and wheel- mounted gates, such as the penstock intake 

4 gates at Grand Coulee Dam, Hungry Horse Dam (South Fork, Flathead Riv er), : 

and Palisades Dam (South Fork, Snake River). On the Palisades gate the 


bottom plate is is omitted entirely, but the on slo pe is the same as though it 
‘The estimate that 6 ft by 10 ft isa maximum size for slide gates at a 200-ft 


head is questionable. The Palisades outlet gates have a greater area (67.5 sq ft) _ 

- and will operate under 20% more head. In this gate there is a 30-in. cy ‘linder | 
and a 2 ,000- lb-per-sq-in. design hoist; the actual operating pressure is 1,500 lb 

sq in. Because 30 in. appears to be about as large a diameter as is desirable _ 
for practical use if more operating force were were required, it is ; probable that the a 


_USBR would consider use of higher operating pressures, perhaps to a maximum i” 

‘The studies indicate that seat- preqeures than hoist 


8. Dept of the Interior, ‘Denver, Colo. 


the broad field covered by the Corps’ projects and the unexcelled eee: _ 
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bronze seals and seats were changed 1 to bronze-on-monel or to bronze-on-stain- — 
less steel with lubrication: grooves. The latter combination would give an 
| added benefit because the coefficient of friction would be somewhat lower. — - an 
7 was proposed that this alloy combination be used on the Palisades gates, but — 
>, the restrictions on the use of high- nickel alloys prev ented 1 consideration when — o* 
final designs were prepared. In determining bearing pressures, the USBR 
"prefers to limit effective bearing surfaces to 4 in. (a 6 in. maximum) transversely 
_ to the seat length, and to make the gates rigid enough to avoid SARS CORN Y 
tration of stresses at the inner r edges of the seats. 
The statement that gate bodies cannot be constructed joctanmnicntine if they. 
- are made of weldments is not in agreement with USBR experience w “ith ey 
Shasta Dam (Sacramento Rive: rer) and Palisades Dam outlet gates in which 
combinations of steel weldments and castings were used, Furthermore, ber 


used, as in the Carter Lake (Big Thompson Project, Colorado) 3-ft- -by-3- 
outlet gates where heads of 170 ft will occur. _ sack 
Tainter Gates. s—The use of top-seal tainter o or radial gates in conduits ap- 
pears to have several desirable aspects and bears further investigation and Ae 
consideration by the USBR. Consequently, the USBR is greatly i interested in 7 


followi ing the serv ice records of the gates installed by the Corps. It is partic- 


« 


ularly interested in the performance of the gate at Lookout Point Dam with 
its eccentric trunnion and with the water passageway enlarged to provide seal 
an ‘mounting. nol The’ USBR prefers gate water passageways with continuously uni- 

7 ; form cross sections but believes the Lookout Point contour can be used without 
gy in many installations. . The arrangement appears: definitely to pro- 
vide firm seating with a minimum of vibration and leakage. — How ever, unless f 
2 tendency to vibrate is pronounced, a suitable top seal and rigid hoist con- r. 
nection without eccentric trunnions | May give equally acceptable results. 

The USBR questions the use of ‘roller bearings on the trunnions of tainter 

gates and their ‘serviceability over an e extended period of time. Sleeve be bear- 7 
ings: have been preferred and have given satisfactory service and, when prop- ms 

erly lubricated, have ‘shown | little ‘need for 
4 
recessed trunnions. Gate fabrication appears more difficult than for rec- 
tangular connections. — Also, the arrangement requires a relatively ' wide pier. 
Where space is at a premium and piers as narrow as practicable are desired, 
the writer questions the advisability of such a design, although it has desirable E 
features, among them w eight and cost reduction. The latter may be more a 
apparent than real, however, if increased pier width j is considered. eine 
Roller-. Mounted and Wheel-Mounted Gates. —The MeNary intake gate is 20 ft 
wide by 51 ft high w itha single, continuous roller train on either side of the gate. = 

- Bach a train is much longer than i is usually used, and because the failure of 

- even.one link i in the chain ‘would put the entire train out of service, more than 
~ normal inspection and maintenance work would seem needed. The USBR has 


found that, where feasible, whee’s mounted on self- lubricating | bronze bushings 
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vom, ox cate DESIGN 
are preferable to roller child the of first whet and mr‘ntenance 
charges. W heel-rail contact stresses are a limiting factor, however, and » al 
though the USBR has installed many wheel-mounted gates, it occasionally i is 
faced with a load problem to which rollers a appear to be a é preferable solution. 
The usual USBR practice with either roller-mounted or wheel-mounted gates a4 
_ is to suspend each gate from a ‘single hy draulic hoist. Gate operation is timed — 
fora closing period of 3 min or r less, ¥ with the gate closing by gravity after re- 
_ lease from its hanger. In some more recent USBR installations, the hanger 
has been the gate is supported on the hydraulic fluid—usually 
-oil—in the hoist cylinder. Cylinder pistons: are re packed s so that downward 


: Big is slight, and an automatic recovery system is used to restore each gate to Ze 


fact that the gate ae be readily lowered even in case lat total power failure, 7 
whereas the latched gates require power for a brief period during which the 
Where there are a number of gates installed, a 
gantry crane is installed for maintenance work. This crane has 
- smaller capacity and is much lighter than necessary if it were required to place 7. 
a gate in: an emergency over the entrance to a runaway 


‘a though ‘modifications in needle-valve design, : as in the valves at the Madera © 4 
Canal outlets of Friant Dam (San Joaquin River), have greatly improved per- — 

0 It is to be hoped that experiments of the type conducted by the Corps s will 

: be continued and that observations as to the performance of the future gates 

and valves will be extended for ‘sufficiently 1 long periods of time to’ establish | 

their worth | or to point to further desirable modifications. ert bog 

_ The type of gate or valve selected for any given installation will depend ~ 

“not only on the initial cost of the equipment, the maintenance costs, and out-— 
of-service time, but : also « on and costs of the re- 


"pose at less initial expense and maintenance This is true even 


7 


ol 


put 


structures. 


ow A. Buzzeut, u M. ASCE, —The « comments of M Mr. § 


-aeteialyited't in the Corps survey, will show that it is difficult to draw rigid and = 


fixed conclusions regarding these s structures. Several attempts have been. made 


Design > Abbett, « Stratton, Colombia, South America. 
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maintenance costs of many of the older types of cylinder gates and 
es a valves. However, the USBR has found, that in some instances the causes of 4 ‘ 

Or rod _ high maintenance costs could be removed by relatively minor design changes. = ff 
éTihere are occasional combinations of conditions that make cylinder gates ap- 

pear attractive in spite of a somewhat unfavorable history. The USBR has 

ae not provided needle valves for outlet works for several years largely because, = f 
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on GATE DESIGN 
en the variants were taken into this was found to 
The principal factors were the hydraulic design of the water 
passages, the design of the gate leaf including the metals used, and the actual = 
usage of the facility. Many of the gates examined had almost never been 
~ used or had functioned only briefly during flood routing or for emergency clo- — 
sure. Naturally such gates had a favorable history because only periodic paint- — 
in ing and lubrication preserved them indefinitely. Severe corrosion in polluted 
md waters, as on the Pennsylvania - rivers, had long been known, and the liberal he 
use of high-alloy metals had supplied the answer. The trouble at Denison Dam : 
resulted from faulty fabrication, and after suitable Tepairs the original gates 
are serv ing ig satisfactorily. Ina few cases faulty operative: procedures had in- 
_ fw One firm conclusion of the survey was that high-head gates can be mounted — 
within the water passages. of the Corps’ earth dams are so equipped 
and have had up to 17 yr of successful operation of roller-train gated outlets 


he closed to hold : a conservation pool but frequently operated i 


and have an excellent history. The Fort Randall gates will be oper- 
: ated at all heads but in such a pa yore as not to be held at the one low-head 
a point where some vibration occurs. The objections to end-outlet gates are (1) ae 
the greater initial cost of the pressurized conduit and (2) the more elaborate 


also some regarding the safety of a long conduit 
The Corps has come to rely more and more on model tests in formulating ca 
_ the design of hydraulic-control works. The technique of model building 2 and = 
~ testing has been much improved in recent years, and instances of the prototype 
failing to operate as satisfactorily as the model are exceedingly rare. aa 
‘The deflection-bearing device described by Mr. Latham is ingenious 
method of economizing ona gate intended for a ‘special use. However, it could 
not be used for an operating gate. 
8 ‘Mr. Holt’s remarks, together with those o of I Mr. Streiff, regarding heavy dis- 
charges 0 over ogee crests only show that truth can be stranger | than ‘theory. 
_ Some engineers have acted as observers in the galleries of concrete dams during 
aes heavy spillway discharges and have been alarmed by the vibration observable — 
. - during: these discharges. Some of the Corps’ early model tests also predicted — 
_ this vibration. Because better models have been developed, or perhaps because — 


of more experience with them, the fears regarding deep spillway discharges have 


in outs leaf and mounting design. * The > writer is familiar with the Davis Dam - 
gate design and is pleased to hear of its favorable action. _ The Corps adopted | i: 

. $: eccentric pin to assure longer seal life and to make certain that there would 7 

J be no vibration at partly open gates. Successful performance of the Davis — - 

- gates should encourage the designer to use this simpler and n more economical 
design. The writer would prefer the eccentric gate for very high heads because 


small seal leaks can cause “ under ler high pressure. 
pe 
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stream bulkhead ‘handled a or mobile crane. if this 
arrangement is entirely dependable for closure against full flow through the — 
outlet, there would seem to be justification for omission of the second internal — 
gate. In many of the Corps’ projects, rapid closure in case the operating gate 
failed when open j is so important that the Corps has been unwilling | to accept _ 4 
* the risk of the much longer time required to make the bulkhead closure. _How- — : 
ever, there are undoubtedly projects where no such hazard would be involv ed. -~ 
7 The cost figures given are for one gate only. ‘¥ Conduit liners are placed only — 
over areas in which model tests indicate danger from erosion or cavitation and . 
are usually of cast steel, but there are no known criteria for thickness. 
The Detroit fixed-wheel, welded-body gate proved to be expensive but this — 
‘may be an isolated instance. . The Corps has used fixed-wheel gates for power — 
intakes and elsewhere, and the writer has always felt that this type has been — 
4 neglected. When wheel loads become excessive, the designer is forced to use — 
rolier trains, but the roller-train gate has the dine advants age of exposing a great 
_ area of rollers, links, and bearing plates to the effects of the stream . The fixed-— 
c wheel gate with sealed bearings will suffer far less from the contamination of of 
bed load, polluted water, and marine life. | Ha de 
_ The writer would consider a fixed, double-flanged wheel gate with sealed — 4 
ules bearings as the first choice for power-intake closure. The Detroit sluice 
_ gate was not economical and proved to have the hydraulic disadvantage of the — 
spreading jet causing some erosion of the conduit walls. — m A steel liner to cov er 
the area of impingement would have this. the Meridian gate 
_ =. believed to be both economical 
— usually less ¢ expensive than a hy draulic hoist, but the by alaaallie hoist can be 
closed after power failure and it tends to dampen out vibrations, 
oa Mr. Weber’ s remarks are appreciated because the Corps has s closely studied | 
the USBR’s work and frequently. profited from it. . The hy draulic slide gate 
undoubtedly can be used in larger sizes than the one the Crops has arbitrarily ll 
set as the limit. The critical factor i in the opinion ¢ of of designers i is the bearing 
pressure. . This side bearing can never be uniform over the area, and the : 
allow able intensity, the dev iations in gate iabrication, | is a question 


tainter gate. Hee annot agree with Mr. Weber concerning crest tainter gates. 
‘The Corps does not use wider piers for these gates (the standard width being 8 
en and unit bid prices are no higher | for the neenenaem ty pe. Total cost a oi 


writer's previous remarks cover of the eccentric 


cieetons of gate. When the load iotae heavy for the flanged wheel ona 
crane rail, the Corps has used flat rim wheels bearing on a massive embedded — a 
bearing plate, which permits: much higher le loads. he bushed bearing should 


be us used own er 
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If a water-surface profile passes w ithout abrupt change from tranquil to - 
rapid flow, or or from rapid to tranquil flow, the p point at which it does so lies on } a b 
- a profile that can conveniently be called a “ “transition profile,” and the depth 
3 at that point can be termed a “transition depth.” oa Such a a profile is fixed i 
that it does not vary in position with changes in discharge as do normal-depth 
profiles and critical-depth profiles. Mathematically, the point of transition 

is a a singular point, and the - solution to the differential equation for r steady y 
flow does not yield the tra: ditional vertical | water-surface profile at that point Bo! 
~~ graphical practical method for constructing. transition profiles is outlined — 

‘TRANSITION PROFILE IN UnirorM 


Notation. —The letter, adopted for use in this ‘Paper are defined. 


— 


Considering the differential equation for water-surface profiles in in uniform 


dy _ ‘AQ, 


_—Published, enintially as here, in Tene, 1956, in the the Hy draulics Division, 


as Proceedings Paper 1006. Positions and titles are thone in Sent the or was 
approved for publication in Transactions, 


we. Engr., of U. S. Dept. of the. Army, Mobile Dist., “Mobile, Ala. at aon 
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TRANSITION N PROFILES 


= in which y denotes the depth of water; z, the distance along the channel; a 4 


the slope of the bottom of the channel; Q, the discharge; Q,, the normal 
discharge; : and Q., the critical discharge. yf If it is assumed that in the differ- 
ential equation for water-surface profiles in uniform channels (Eq. 1) ) there 
4 exits a depth fc for which the condition, 


is satisfied , then for that depth it can be seen that the expression on the right 7 
side of Eq. 1 is s equal to S, .. This means that the « depth, ; Y, increases in relation ‘ 
_ to the distance, z, at a rate equal to the bottom slope, S., and that, therefore 4 
- the water- surface profile at the point in question is horizontal. The profile a 
- defined by Q.=Q - is conveniently termed a transition n profile, and it is a 
general characteristic of such a profile that the water-surface profiles intersect- = 

i ‘ing it are horizontal at the point of intersection as long as Q ¥ Q., or as long , 
as the water surface ce not pass through critical depth as it intersects - 


mere 


hanney 


However, if a water-surface profile critical as in- 


is “intersection in this ease is a singular point, and it is possible toe evaluate the 7 
“expression by replacing the n numerator and the denominator by their deriv- 


& formula that can be used the of a water-surface profile 
tu (in a uniform n channel) as as it intersects the transition ‘profile and simultaneously _ 
ey through critical depth. Two such intersections are shown in Fig.1. 
In Fig. dQn/ dQ > 1, and the profile from rapid to ‘tranquil 
flow, whereas in Fig. 1 (b), dQn/dQ « <4, | 
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y “4 in the other zone, Q, > Q., and they have the ie normally associated a 
a steep-slope channel. These two zones will be ‘referred to 


‘Transition depths in uniform channels have been examined by Achille 
Lasard? who referred to them as characteristic” depths. He credits G. 
-Mouret* with the development of the idea. The writer prefers the term 
“transition” to “characteristic” because the profiles represent the normal loca-— 
tion of transitions from tranquil to rapid flow, factor of 


 Lagard notes that in rectangular channels and in closed. 
number of transition profiles will be two, one, or zero depending on whether | 4 
a the channel slope is greater than, equal to, or less than a , value that he desig- A 
2 aH nates as the limiting slope. If two transition profiles exist, ‘the zone below the 
dower profile and that above the © upper profile are both mild, whereas that 
between the two profiles is is steep. - As the slope of the channel is reduced, ,the 
two transition profiles approach each other until they coincide, at which time 
the slope becomes equal to the limiting slope and the steep zone disappears. 
For that slope and for lesser slopes, all water-surface profiles have the properties — 
normally associated with ‘mild-elope channels. Lazard also introduces the con- 
iv r cept of a characteristic discharge, or in the terminology of this paper, “a tran- — 
sition discharge,” which is equal to the common value assumed by both 


aes acceleration of gravity; and K, the conveyance ; and aa and z as 


(a) 
= + 2) =- (Suds +a. 


-2“Contribution a l'étude théorique du mouvement varié en hydraulique,” by Achille 
Lazard, Annales des Ponts et Chaussées, March-April, 1947.0 


“L'Hydraulique générale et appliquée," by G. Mouret, Paris, 1927. 
the of Non-Uniform Flow,” by M. E. V: 


| An important property of the transition p 
ion bet two zones. In one zone, Q, < Q., and the water-surface 
— 
— 
te — 

ASCE, noted that the functions developed in that paper be used to sh 

the t rofiles. At that time 
To extend the concept of a transition depth to — 
to deve an appropriate generation of Ea. 1. Beginning with 
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ai ae 
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was introduced by Pierre Massé* in his study of channels 


g 
— cross sections but variable bottom slopes. way hen this equation is eo 


1 = 
dx 


_ ) 

ie is obtained, which i is the desired generalized form 
oc The left side of Eq. 10 cannot be replaced by the t _ 


in E 
because the appropriate differential expression, dy = 


- Sa dz, is not 
exact differential and, consequently, the supposed fun: a, dees not exist. 
transition profile can now be defined as the prou along which Qn! = 
this profile again forms the boundary between a zone with mild-slope character- _ 
istics and one with characteristics. The transition discharge for 


mmon value assumed by the paranormal 
and the critical ‘discharges | on the transition profile in that cross sectio 


n. 
_ the water surface for a given discharge passes from subcritical to supercritical — a 
flow, it will d do 80 on th the transition ‘profile ond | in the Cross | section w here that fl 


 §“*Ressaut et ligne d'eau dans les cours d'eau & pente variable,”’ by Pierre Massé, Revue Générale de 
19 20, January—April, 1938, pp. ll and pp. 61-64 
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‘TRANSITION 


‘the control for that ps articular dise charge, an 


control will move upstream or downstream (except in a 
A means for the controlling cross sections in a is ob- 

the Een oad the « elas on the right side of the equation are equal 
and, therefore, dz/dz = 0, which implies that the water-surface profile is— 


horizontal | at the of intersection to the transition Also, the 


and the right side « of 10 assumes the indeterminate f form, 0/0. 


and the by: deriv ative es 


’ However, this expression is not as simple to evaluate as that in Eq. 4 because 


— Q,’ and Q. are now functions of the aie we, x and z. In fact, 


which ¢ can be substituted into Eq. 13 to yield , 


dz : , OQ. a 


If the water-surface slope i is designated | by S, so. that 


j 
4 | 
_ 
4 2 7 
_numerator ‘The result 1s ‘ “4 
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It is convenient at this point to introduce the slope of the transition tla % 


Ons substituting from from Eqs. bone 19, and 2 20, sail 22 is furthe er re 


(23) 
"Simultaneously substituting Eq. 23 into Eq. 216 and introducing the slope, Ra 
25 reduces to the quadratic equation, 


Eq. gives the 


point on a transition profile. 
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it can be shown that four types can occur, depending on the nature of the roots 
af Sn) + Sm (Si — Se) = 
= known as the mee eee e uation. * This e uation can be obtained from Eq. 
q His equation can be obtained Irom Aq. 


which led defines the dimensionless variable, (According to Theodore 
von Kérman, Hon. M. ASCE, and Maurice A. Biot,” the four types of singular 


— Sir Singular ¢ point 


Med 
SADDLEBACK hres 2 4 ti 


—Water-surtace 


Critical-depth 


(d) CENTER 


points are saddle point, men point, point, and 


i the two roots to — 28 are real but ot uli in sign, the singular point is a 


@“Goursat’s Mathematical Analysis—Differential Equations,” by Edouard Goursat, Pt. II, Ginn 
New York, N. Y., Vol. II, 1917, pp. 179-180. 


ane oy Methods i in Poy eering,”’ by Theodore von Kérmén and Maurice A 
ll Book Inc., New York, N. Y., 1940, pp. 160-168. 
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a 5 tion from subcritical to supercritical flow, and the point is therefore a control. | ae 
water-surface profile, COD, however, represents a transition from super- 
eritical to subcritical flow, and point O is not acontrol. Segment CO represents 
4 7 8 type of flow that can occur only if a suitable control exists farther upstream. _ oo — 


Similarly, segment OD represents a type of flow that can exist -oiily ifa a windleble 
control exists farther these two suitable do not exist, 
Several water-surface profiles that do not pass through the dite point O° = 
are also shown in Fig. 2(a). . These profiles are always vertical where they i in- a 
tersect the critical- -depth profile and are a always horizontal where they intersect | <a 
. If the two roots to Eq. 28 are real but alike in sign, the singular point is a 
~ node. . Such a singular point, for which S, > S,, is shown in Fig. 2(b). All — 
the water-surface profiles shown in this diagram are transitions from super- 
critical to subcritical flow, and, therefore, point O is never a a control. Acon- — 
tinuous profile is ‘possible if suitable controls exist. upstream and. down- 
_ stream from point O. All the water-surface profiles except EOF pass thorns = 
: point O & with the same wea this ‘slope being one of the r Toots to ‘Eq. 27. a 


Tf the relative magia of S. and S,, is reversed so that S.< Sa, 

will occur again, , but in this case the water-surface profiles will all pass from 
a to supercritical flow and the singular point becomes a control. 

ti If the two roots to Eq. 28 are not r real, they become | conjugate complex — 

numbers. of the. ‘form, a+bi and a — - bi, in which b ¥ 0. if a 0, the 
- singular point is a focus, but if a = 0, it is a center (Figs. 2(c) and 2(d)). In > 

_ either case a transition from subcritical to supercritical fi flow is impossible, and 

the reverse | change from si supercritical to subcritical flow can occur r only by: means 

of a hydraulic jump. If p = S./S, and o = S,/Sp, the conditions poquired 


the of various of can be stated as 


Com 


p<e 


1 and p te 


These conditions are represented in Fig. 3. type of 


Singular point except. the center i is represented by a zone. “The center is rep- 
by a line because it is simply a special case among the foci. 


_ The use of the theory of singular points in the study of water- surface 


normal depth.” In his studies he assumed a channel of uniform rectangular — 
cross section and varying bottom slope. He also assumed that Q,’ and Qe 

varied as the same power of the depth, which is equivalent to a assuming that. 
r= 1. Asa result of the last assumption, the transition profile becomes a line 4 


tery to the bottom of the channel and is, therefore, confined to the one 


_ profiles was first introduced by Massé who also introduced the term “para- ‘ 


ie 
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ss section where this bottom. slope is we se ye formulas deri 


Saddleback. 


Node. . 

a 


_ The singular point known ¢ 


er does not appear b Naaiaal it is impossible 
to satisfy the equation p = unde the assumptions made by M 
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Saddlebacks 


—---- 
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PROFILES IN, NONUNIFORM (CHANNELS W ITHOUT | FRICTION | 


a Unfortunately some nigh the formulas that have been derived heretofore fail: 


2 the case of a frictionless channel. — K = @ in such a channel, 


2 
If the profile along which Sa: = 0. is considered, it can be seen that an any 


: Ww ater-surface profile intersecting this profile will have a horizontal slope at the 


Th point of intersection unless Q = Q., in which | case the right side of Eq. 30 be- _ 
comes and the wan of intersection becomes a singular point. 
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we A (36) 
in which W i is the width of the channel at the water view of the 
relationship, W= 0A/dz, Eq. 36 becomes pl an to od 


= 


“9 


a singular point in a frictionless 


In comparing Eq. 39) with Eq. 25, 
pec which Sn = = = §.. Ze This implies that , p= 


a GRAPHICAL or TRANSITION 

Ss a mathematical methods described previously have shown some of the 
important properties: of transition profiles. 7 However, they h have not pro- 


vided a a way of plotting these profiles. A method is 
4 


—— 


4 — 

_ Applying the operator, 0/dz, to Eq. 37 renders 
Because 0A/dx = 0 on the es to Eq. 33. 
Making the appropriate subg 4 : 
= 
and trom Fig. 3 it 18 seen that-une singuiar Pullus channel are a 

— 
4 woo 
> b water-surface elevation, z, which is plotted vertically. The use of these func- | a Ps 


tions in the graphical determination of water-surface profiles has 
tr elsewhere®-*.!° and will be mentioned only as it relates to frictionless channels. x 
ae It suffices to note that, if the function F’ for the cross section at the down-— 
-_ stream end of a reach and the function F” for the > CTOSS section at the 
upstream end are plotted, the intersection of the two curves will provide ¢ an 
approximate elevation for the transition profile at the midpoint of the reach. . 
“4 The accuracy of the estimate can be e improved t to any degree desired by suitably © 
shortening the reach. The of a transition profile j in this Ww ay 


_ pee The same construction can be used for a frictionless channel except that 
the functions F’ and are replaced with the function F. Here again, the 
transition profile is approximate only, but in this case a precise solution can | 
be obtained | by drawing an envelope to the F-curves (Fig. 4(b)). tee... 


oe construction of a water-surface profile for flow in a frictionless channel 
is readily accomplished with the help of the F-curves. A straight line having | 
a slope equal to — Q? and drawn so as to intersect the F-curves will determine, — 
by these intersections, , @ water-surface p profile, and the elevation of that profile 7 
in any cross section will be the same as the elevation of the intersection on the | 


“Determination de la ligne a’ eau remous,” "by N. Raytchine and P. Chatelain, 
La Howille Blanche, No. 3, May-June, 1950. 


Engineering Manual, 9, Pt. CXVI, Civ. Works Cons of ‘Engrs. U. 8. Dept. of 
the Army, Washington, D. C., May, 1952. 


_ “Backwater Profiles Solved Escoffier-Raytchine-Chate plain Method,” by John R Stipp, Civil 
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corresponding F-curve The i ‘of the same straight line’ with ‘the 

will also determine the energy head for the water-surface profile. An 

important characteristic of the foregoing construction is that if flow at critical 
depth occurs in any of the cross sections represented in the diagram, the 

_ straight line in question will be tangent to the corresponding ee See: 


and illustrate a saddleback and a center, respectiv vely, and show 


4 


4! 


-Critical- profile 


— 


Nalue of F = 
Mra. 5. .—Sappiss. ACK AND CENTER A A Fric TONLE uss CHAN? 


oa 


if 


point. B at critical depth occurs at points M, and } N, line CD 
is to curve F3, and line AB is tangent to Fi ‘and 


7 
EEE — 
= — 
7 
y 
\ =a Singular point] 4 
— 
~ 
im 
— 
ne, AB determines the two — 
file _ how the profiles that pass through thesingular 
hyperbola-like profiles ; line CD, the two profiles that p 
the 
Civil purs in cross sections 1 and 5, and line IJ is, accordingly, tangent to curves 


=? 


4 ond. ‘The ‘tangency of line GH to curve implies at critical eal depth 


at the : singular p point. a ~ However, because this line does not intersect any er 
Pew F-curve, 1 no water-surface profile passes throu through th the singular ular point. freuen < 


cial The : following symbols, adopted for use in this paper and for the guidance — 
of conform: = “American Standard Letter 


tant 
¥ A: = cross-sectional area of the channel ; 
= functions defined by Eqs. 40 
= the conveyance ; 
L= - length of ry 


critical 
= normal discharge ; Ps 


| 


= paranormal discharge, defined by Eq. 9; 


Sa = slope of the profile along which A is sisieienn- 
i ¥: S. = slope of the profile along which Q. is constant ; 
= slope of the profile along which Q, or is 
slope of the bottom of the channel; 
'S, = slope of the transition profile ; ees 


Ay 


width of the channel at the as an a 


distance along the 
= depth of water; he 


= a dimensionless number = 
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als ACHILLE paper permits the systematic extension of con- 
cepts such as “transition profiles” and ‘ transition discharges.’ 


¥ 


a The writer has no papain to the substitution of the word ‘ ‘transition” oe 
that of “characteristic." In creating the idea of characteristic ¢ depth, Mouret? 
a merely specified that this depth is a characteristic of the channel bed and is 
een of the e discharge, in contrast to normal and critical depths in 

which the depths are dependent on the discharge. 
In considering a characteristic discharge (the discharge for which the criti- 

cal slope is equal to the slope « of the hepremutnnée the writer ie to emphasize the 


SS 


Normal de, od 


(d) Normai g depth 


ows i" 6. —Various Tyres of WATER-SURFACE PROFILES 

sion “transition discharge” is s certainly preferable to the expression “character- 


for each section of the water-surface profile defined. Mouret 
~ numbered the sections of water-surface profiles that he had studied with the be - 
arabic numerals: 1 4 corr respond to t the types, Ms, M:, 


and C’ are practically horizontal with an the 
In some of s sections with those of the writer, water- 

surface profiles very similar to those that are described in the classical ce 


are obtained. Rowover, Mouret’s sections do not seem to represent real water 
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The author has in turn introduced new sections of water-surface profiles, 
some of | which probably do not represent real w water surfaces. It would be 


useful to designate the others in some convenient way. aM 


ati Iti is important in numerical computations not to omit from the formulas” 
4 
the classic al Pine: a, which accounts for the unequal distribution of wae 


locity about the mean velocity, coefficient, about. which very 


n, e vary when the cross. sections and the chan 
a 


nel. slopes vary. “he ev valuation of this term can present difficulties. In the 


ase treated atl the writer, in which the channel i is uniform and the cha nnel 


slope i is constant, a constant value could be ascribed toa. 


_ ne The introduction of this coefficient into the formulas modify profoundly. the 
numerical values obtained for the transition depths and discharges because 
iy these values are determined by the intersections of lines that are nearly parallel. 


} Mountains, ch has a slope of of 0. 
90 
OL with canals of 
propriate cross to 0 or or disprove the theory of water-surface 
files for or gradually v varied flow. tay 


Lton J. Tison??.—The paper is particularly interesting because 


of the writer’s” predecessors, at ‘the Unive rsity of Ghent in Belgium: 
the writer himself have previously made 


studies i in the same field. The great merit 
the paper lies in its extension of the 
theory in question to the field of nonuniform 


® ot files, the axis of abscissa was taken parallel a 

: my to the bed of the channel and the axis of © 

Under these conditions, the equation for 

‘ steady flow in a uniform ed with a uniform distribution of v of veloc ities in 


‘Prof. of Hydraulics, U of Ghent, Ghent, bee 
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TRANSITION PROFILES 


on 1 the right side of Eq. ‘Al vanishes ‘for one or more of y; 
these values will be denoted by Y, denominator vanishes for 
given value « of y, which will be denoted by Ye Mor 
For a given discharge the condition, Y, = Y. = Y, ig be satisfied for one 
- value o of the the bottom slope and ” value is design nated as S,. . The slope, Sy, Sf: 
= Ww will be termed the passage slope. The quantities, 8, and Y>, are given ioe 


is obtained, which is the equation the fact, either 
- 42 or Eq. 43 must be used with Eq. 44 to determine Sp and Y, for a given dis- - 
charge and a given cross section (in a a uniform channel). Fora uniform chan- - 
“nel, concave upward, and for a constant value of C, S, and Y, have but a single as 
value each. _ Theoretically, Cc might vary in such a way that several values 
of S, are possible. How ever, , too little is know n concerning t the variation of Cc 
- for small values of y y and for circular conduits flowing nearly full to justify the 
assertion that several values are really possible. = 


three different terms—horizontal elements, transition depths, and 


characteristic depths—relate to the ‘same concept. term “horizontal 


element” (élément d’horizontalité) was introduced in 1863 by M. Boudin.® 
For each form of water-surface profile (termed “hydraulic ay axes” by Boudin) 
ms obtained, Boudin sought to determine Ww whether it presented a 1 depth for which _ 


- the tangent to the w ater- eee profile is horizontal. The condition to be sat- a 

Mar 


That is, a horizontal element exists for the depth, yx, for w hich the quantity, 


PW, assumes the value (P/W)a, required by Eq. 456. 


ve 


Travaur Publics de Belgique, Vol. XX, 1863 
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Boudin dealt mild | and ‘steep bott For mi mild 


horizontal element corresponds to the positive 


f 
4D) 


or circular), Boudin, Cc to be ‘constant, concluded that 
That is, a horizontal element can exist only for depths that are less 


than Ve and, consequently, also less than 
te. For steep bottom slopes Boudin showed = similar reasoning that a hori- = 
 gontal element can exist only for depths that are greater than Y, and, con- — 


greater than asl 4 we baz MBALS Tal 
He did not seek to find the conditions under which horizontal pe 
occur in the foregoing cases. However, the writer has shown in a paper“ that . 

in mild-slope channels (in which which C i ‘is constant) a transition slope or trans or transition 


depth will not occur if | 
in which (P/W), is the value of for y = 0. ‘Thus, because P/W is 
: i creasing function of y, it is impossible to satisiy Eq q. 45b if t if the ie inequality of of | 
Eq. 48 holdstrue. 


Similarly a horisontel element is impossible in a steep-slope if 


Boudin’ development was | completed by A. Merten who 
tablished several points in regard to passage slopes and stopped with the 
consideration of inflexion points, a a a matter r closely related to that of transition — 


“Cours d’Hydraulique,” by J. Tison, Univesity: of Ghent, 1953, pp. 19-20. 
_ 18“Recherches sur la forme des axes hydrauliques dans un lit prismatique,’ by A. Merten, Series 3, 


Annales, Association des Ingtaiours sortis des Ecoles Spéciales de Gand, Belgien, Vol. V, No. 3, 1906. 
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'TISON ON TISON ON ‘TRANSITION PROFILES 


The writer investigated™ horizontal e elements 8 with 1 the significant change of 
introducing a varying value of C. This « coefficient, in reality, is not a constant — 
buta function that increases with y. Asa consequence for small values of y, 

4 the function, g P/C? | W, is not necessarily a diminishing function of y, but pre- ; 


sents an appearance ‘similar to that shown in Fig. 8. It follows that 0 » 1, 
2 horizontal elements (transition depths) are possible, to 


applicable to to "cross 80 sections that are concave ‘il to circular 
it should always t be remembered that the study | of horizontal elements i is, >. 


Se 


3 


S well understood for small values of y and for values of y approaching the diam- 
“ eter of a circular section. Tests performed by O. Wilcox!* show, in the latter 
- ease, that the theoretical variation of the normal discharge with the depth of 
-* for the occurrence of a horisonted element is represented by Eq. 45b, and, 
furthermore, that in the case of S, = S, the tangent to the water-surface profile — 
_ should be horizontal for a depth equal to the depth of ] passage, Q.==Q. 
: Nevertheless, this result is not general. In effect, Eq. 41, which may be 


wma c ‘A Comparative Test of the Flow of Water in 8-Inch Concrete and Vitrified Clay Sewer Pipe,” by a 
_O. Wilcox etin 27, Eng. Experiment Cation, Univ. of Washington, Seattle, Wash., , 1924. 


depths. Boudin ha on points for steep- _ 
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‘TISON ON TRANSITION PROFILES. 


_ The application of the rule of the 1e Marquis de |’Hépital yields Va dud 
tangent to the water-surface profile for y = will be horizontal if 
Eq. 53 is equivalent to 7 0. =1in the ~ver. 
foregoing equation is not always satisfied. rectangular 
channel having aw width, W, can be shown that 


Therefore, itis is ne mS a horizontal element does not occur in that case. 
_ However, if Ww approaches infinity, the tangent approaches a horizontal 
_ The normal-depth profiles and critical- depth profiles divide the space above 
| the bottom of the channel into three regions. In the highest and the lowest of 
| these regions the sign of dy/dz is positive, but i in the intermediate region it is 
e negative. A bottom slope equal to the passage slope causes the intermediate 
region to vanish, and, as a consequence, dy/dz must always be positive. All 
this relates to a uniform channel concave upward. As a result, it follows 
that in this case a water-surface profile cannot pass through the depth, Y ” 4 
with diminishing. depths. This conclusion can be considered as a logical 
oe consequence of another property of uniform channels that are concave upw ard 
—that i in such channels a chute (abrupt. passage from a depth greater than Y, 


to one less than Y,) is impossible, whereas a jump, the inverse phenomenon, 
A. By contrast, in the “case ¢ ofa circular section, the existence of a a “passage: 
slope is ; accompanied by a region in which dy/dx takes on negative | e values a 
g that a water-surface profile with diminishing depths is possible. = mit 
_ Without wishing to detract from the author’s valuable work in this field, 
ie writer would like to indicate another method for the study of transition 
profiles in nonuniform channels, a method that follows logically from the © 
a nonuniform channel, Eq. 41 becomes & 


in which N and D represent the numer 
right side of that equation, yields f 
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‘This can be used to investigate channels with ‘simple cross sections 
Francis F. EScoFFIER, A. M. ASCE appears that varied terminology 
exists in regard to the de .pth which the writer has termed “transition depth. an 
In the studies by Mouret and Mr. Lazard this depth is called the * a vances ail 
depth. 4 In the studies by Boudin, and Mr. Tison a 


Critical- depth profile te 


9. —Types oF TRANSITIONS FOR A SADDLER EBACK haw 

between the case in which the tangent to the water-surface profile i is heidi . 

: and the case in which it is not. In the first case, Q, = Q. ¥ Q, or Qn = Q. 

/dQe = 1, and the segment of the water-surface profile passing through 

- the depth in question’ is called a horizontal element. ‘a Although : no specific 

- name is assigned to this depth, it is identified by the subscript, n, as y = Yn. 

In the second ¢ ease, = @ = and the depth i is a “passage depth.” 


= _ Mr. Lazard has expressed doubt as to the reality of some of the water- r-surface 
- profiles obtained by Mouret and by the writer. The writer emphasizes the — 
fact that his profiles, and no doubt those of Mouret, were deduced logically 
= the dynamic equation for flow in open channels (Eq. 5) an dare, therefore, : 


Engr, Corps of Engrs., U. S. Dept. of the Army, Mobile Dist., Mobile, Ae 
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ESCOFFIER “TRANSITION 


as valid as that equation. the most significant source of error arises 


from the neglect of the curvature of filaments. For that reason the profiles — 
_ become completely unreliable in the vicinity of a passage through wt 


depth if the equation yields a vertical water surface 


“4 ‘The importance of the Vv velocity-distribution coefficient stressed by Mr. Lazard 


i . is not ordinarily as great a source of error in nonuniform channels as it is in — 


— uniform channels. This coefficient can be introduced into the oeaenenel 


q 


Mild- -slop zone Mild-slope zone 
Water-surface profile 


_Water- surface profile 

‘Horizontal 


Fic. 10. —Tramerrion Prorice a Untrorm CHANNEL 
The wr writer Mr. | Lazard’s wish that laboratories | become interested i in 
‘The writer was interested in learning of the work done by! Boudin, Merten, 
and Mr. Tison on the subject of transition depths and regrets that research 


_ preliminary to the writing of his own paper failed to disclose this literature. ' 


as. suggested that the different types of water-surface profiles 
that arise in the theory of transition profiles be named or designated in some * 
way. Unfortunately, the number of such types is so great that the list of © 
names would be too long to be useful. However, it is felt that it would be 


helpful to distinguish between four types of transitions. These are illustrated _ 


a _ by means of the saddleback shown in Fig. 9. —Thef four terms and their counter- 4 
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“pagan ‘ESCOFFIER ON TRANSITION PROFILES 


_ The first two terms may be called ‘ “nonsingular” transitions because F 
and I, ‘the: points: of intersection with the transition profile, are not singular 
points. On the other hand, the last two. terms may be called “ 
transitions because they pass the singular point,O. 


| 
i Mr Tison’ s comments in regard to the possibility of a water-surface profile Tar 
"passing with diminishing depths through a transition profile (in a uniform 
_ channel) were made with Fig. 1(6) in mind. However, this figure is quite 
misleading because it really corresponds to the condition, 0> dQn/dQe, rather 
than simply > dQ,/dQe, and represents a type of water-surface profile 
than can occur > only i in a closed conduit that is flowing nearly full. Fig. 10, 
which supersedes Fig. -1(0), was prepared to clarify this matter. "The water- 
_ surface profiles i in . Fig. 1(a) and Fig. 10(a) pass from m rapid to tranquil flow, 
ee the water-surface profile in Fig. 10(6) passes from tranquil to rapid — 


Tison’ Eqs. 55 56 56 provide for inv estigating the 


PP oe of transition profiles. _ They include the factor, vl — S., , to cor 
ect for the fact that the channel cross sections 8 are not vertical. “The im- 
portance of this correction increases wi e slope of the channel. 

porta f this correctio ith the slope of the channel. = 
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MINIMUM-WE -WEIGHT | DESIGN OF A PORTAL 


By WILLIAM PRAGER,? M. ASCE ons 


Discussion Br Messrs. Roser KeErrer, 


SyNno PSIS 


Plastic sla of structural | frames fo for minimum weight has been the sub- 
ok of several papers. In these the weight per unit length of a structural 
member has been assumed to be proportional to its fully plastic moment, — 


the effect of ge from has 


tural member is proportional to the a-th power of its fully plastic oe 
the e positive exponent, a, a, being sn smaller than “unity Bi | For a = 2/3, a chart is” 
developed that gives, at a glance, the minimum- -weight design for various 
a geometries and loading conditions of a portal frame. 


concepts of mit analysis, several authors? the 


design of structural frames for minimum weight. J. Hey man*é showed that: 
the method of inequalities, v which Bernard George Neal and Paul Southworth | ‘ 


Nore.—Published, essentially as printed in October, 1956, in the . Journal of the 
Mechanics Division, as Proceedings Paper 1078. Positions and titles given are those in effect when the 
paper or discussion was approved for publication in Transactions. 
Prof. of Applied Mechanics, Brown Univ., Providence, R. I. 
Design of ‘Steel | Frames,” by J. F Baker, Structural Engineer, London, Vol. 1949, 
pp. 397-431. ; 
2“Limit Design | of Beams and Frames,’ by H. Greenberg and w. Prager, 7 Transactions, ASCE, 
4“Extended Limit Design fer Media,” D. C. w. Prager, and H. J. 
Greenberg, Quarterly of Applied Mathematics, Vol. 9, 1952, pp. 381-389. 
 § “Plastic om g of Beams and Plane Frames for Minimum Material Consumption,” by J. Heyma 
of Applied Mathematics, 
Plastic Design of Plane Frames for Minimum Wales, by J. Heyman, The Structural Engineer, 
London, Vol. 3 31,1953, pp.125-129.0 
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a of given dimensions, could be e easily a dapted to the 


 minimum- weight of a ‘stractural frame constituted a problem i in linear 
programming, as described® by A. Charnes, W. W. Cooper, and A. Henderson. © 
Fi ins later paper, Foulkes established the prerequisites for a minimum-weight | 
_ design, assuming again that the unit weight of a member was proportional 7 
to its fully plastic moment. Making the same assumption, R. K. Livesley a 
used a different approach and studied the programming of the problem for 
For most structural sections the unit | ee is nearly proportional to . 
"power of the fully plastic moment, with a positive exponent, , a, that is smaller 
than unity. . For example, a = 2/3 if all available sections are ar ail 
¥ similar. Although Heyman and Foulkes have taken a <1 in a few a 7 
examples, their over-all results are based on the assumption that a@ = 1. 
Therefore, it seems worth while to reconsider the problem « of minimum-weight _ 
design in terms of such general assumptions regarding the relationship between 
the unit weight and the fully plastic moment. — ‘The subsequent statements | 
(under the heading, “Theory” ") are based on the premise that the unit weights | 
_ of the available structural sections are proportional to a certain power of their -_ 


alt 


The of beams a frames is on an idealised relatio 
moment and curvature. Accordingly, the curvature is. 
negligible at all cross sections i in w hich the absolute value of the bending mo- 
‘ment remains below a critical value, M.; however, a yield hinge may develop at 
any cross section in which the absolute value of the bending moment reaches 
this critical value. Thus, a beam or frame will remain practically rigid until 
yield hinges have developed at a ‘sufficient number of cross sections to transform. 
=. the structure, or some part of it, into a mechanism. The appearance of such a 
_ system of yield hinges is considered, therefore, as an indication that the practical 
load-carrying capacity of the frame has been reached. 
=. system of infinitesimal displacements, made possible by the insertion 
of an adequate number of yield hinges into the otherwise rigid members of the 
structure, ‘Specifies a flow mechanism. Two sy stems of infinitesimal displace-_ 


ments, obtained from each other by multiplication with a constant factor, are 
regarded as determining the same flow mechanism. 


a “The Calculation of Collapse Loads for Framed Structures,” ber Bernard Ceern Neal and Paul 
outh vorth Symonds, Journal, Inst. C. E., London, Vol. 35, 1950-1951, pp. 21-40. | uae 


¢ f Minimum-Weight Design and the Theory of Plastic Collapse,"’ by J. Foulkes, Quart poly of App 
Mathematics, Vol. 10, 1953, pp. 347-358. 


*“An Introduction to Linear Programming,” by A. Charnes, wy We ‘and A. Henderson, 


_ “The Minimum- Weight Design of Structural Frames,” by J. Foulkes, Proceedings, Royal Soe. of 


Automatic Design of Steel Frames for Minimum Weight,” R. K. Journal 
Mechanics an and M 
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> be taken as proportional to the fully plastic bending iS a 
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7 Pao mechanism exists for which the work of these loads exceeds the energy 
_. dissipated i in the plastic bending at the y yield hinges. Conv ersely, the absence | 
_ of such a flow mechanism indicates that the given loads are within the load- — 

carrying capacity of the structure. A flow mechanism for which the energy — 
dissipated in the yield hinges equals the work of the given loads will be termed 

_@failure mechanism fortheseloads. 

_ The following comments are restricted to frames that consist of straight — 
_ prismatic members subjected to concentrated loads only. In a frame of this j 
kind, yield hinges can occur only at loaded sections or at end sections a: | 
-members, and the number of possible flow mechanisms remains finite. Be 
, cause, for practical purposes, any curved member of varying cross section may — 
=4 be approximated by a polygon of straight prismatic members, and any dis- — 
tributed load may be approximated by an equipollent group of concentrated — 
the remarks need ont be understood no nor ina 


= value for ‘all ‘members, M; is the fully ‘manent of the 
‘4 member, and the exponent, a, has the same value for all members and satisfies 2 
0 <a < 1). + oe It is assumed ned that n fully plastic moments are at th the choice of the 
designer: although the frame may have more than n-members. For instance, 
considerations of structural symmetry may cause a 1 a reduction in the number of — 
For the g geometrical analysis of the design the fully plastic 
"ments, M, (j=1, 2,..., m), are taken as the rectangular 
ordinates in an n n-dimensional space (“design space” Any point ( (design point) 
in the ‘positive orthant, M; > 0, of this space represents a specific | design 
- although not necessarily one that satisfies the conditions stipulated previously. 
~ any flow mechanism the condition that the work of the given loads 
% must not exceed the energy dissipated in the yield hinges i is expressed by : a * 
linear inequality in the fully plastic moments. Interpreted geometrically, 
such an inequality specifies a hi half space. ‘The given loads exceed the load- 
a af carrying capacity of any ny design 1 represented by : a design | point situated outside 
eS this half space. The positive orthant of design space and the half ADARES 
a. » corresponding to the various flow mechanisms have a convex region in common 
Only design points on the boundary | of this region are admissible if the | giv en 
loads are just to exhaust the load-carrying capacity of the frame. — ats ll | 


— 


the number of possible flow mechanisms is finite, this boundary i is a polyhedron | 
with a finite number of (n dimensional AD design will be called 


‘< admissible if it is represented by a design point on this polyhedral surface. _ oo 
“onal denotes the combined length of all members with the fully plastic — 


| 
— 
§ 
— 
— 
— 
= 
= 
— 
h the design em consid ered herein the geometrica arrangement ort a 
members is_ given. The fully plastic moments of the members are to be =f 
determined so that: (1) The given loads just exhaust the load-carrying capacity 
os ae y + of the frame; and (2) the total weight of the frame is as small as possible, the _ i, 
ki 
4 q 
i 
— 
— 
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PORTAL FRAME 


or & fixed positive value of W, Eq. 1 represents a surface in design: space ‘that 
is convex with respect to the origin because 0 <a@ <1. From this surface, 
_ the surface corresponding to any other value of W is obtained by a ee — 
transformation with the origin as the center. 
Fig. 1 shows a typical situation for n = 
various values of the structural weight, W, and ‘any point on. the polygon 
ABCDE indicates a design whose load-carrying capacity is just exhausted 
_ by the given loads. - Because the polygon and the curves are convex with © 
respect to the origin, O, the design of minimum weight must be represented 
by a , vertex, namely, point C in Fig. 1 ~ Because several vertices of the polyg gon 
_may fall on the same curve of countant weight, the problem of minimum-weight | 
Each side of the polygon corresponds to a failure mechanism in the sense 
that all of a the end Burne represent designs that develop 
Tan) 


— 


e same failure mechanism under the given load. AN 


a Sents a design that may fail i in either of the mechanisms corresponding to the 
vam sides, or in any y positive, linear combination of 1 these mechanisms. a 


_ Because the minimum-weight design is represented by a vertex, it admits 


In Fig. 1 any of these failure mechanisms is Tepresented by a straight line 
‘* through the considered vertex, which has only this point in common with the 
polygon. the vertex represents a minimum- -weight design, these lines 


include the tangent to the curve of. constant weight through the vertex. _ The 


equation of this tangent is te 


ow 


ae 


a | 
| 
| 
x 
nd 
¢ 
e = 4 
| — 
aa 
— 
— 
Je — 
se 
which the derivatives must be evaluated at the given vertex. 


which 6; denotes the sum the absolute values of t the e changes at all 
yield hinges with the ft fully plastic ¢ moment, M:. For the failure mechanism 
by the considered tangent, the coefficients of the ‘fully plastic: 


moments in Eq. 3 must be proportional to the coefficients of these moments in 
Eq. 2. "i of E Eq. 1 | this means that a minimum-weight design admits 
of a failure mechanism for which 


Although necessary, this condition i is not sufficient for the considered 


design to be admissible as a s a minimum- weight design. For ‘example, ‘the design 
_ represented by point B in Fig. 1 admits of a failure mechanism satisfying Eq. 4_ 
- because the tangent of the curve of constant | weight through point I B has" 7 
only this point in common with the polygon. Nevertheless, the structural 
; .. weight of design B exceeds that of design C. The latter is characterized by 
the facts that it admits of a failure mechanism satisfying Eq. 4 and that no 
— admissible design of lesser w veight admits of such a failure mechanism. ot a 
_--- The situation is much the same for n > 2. The prerequisites for a mini- 
weight are: (1) It It must admit of a failure satisfy! ing 
(5) 


and (2) there must not be any design of admitting of 


pala in the paper by Foulkes,’ the portal frame shown i in Fi ig. 2 is considered 

as tl the example, and it is proposed herein to derive a design chart that exhibits 
a the dependence of the minimum-w -weight design o on the ratios, h/t and (Qh)/(P 1). 
_ The coefficient a in Eq. 1 will be considered as 2/38. 
3 For positive v: values 8 of lo loads P and Q, only ; the flow mechanisms of Fig. 3 
Vy and their positive linear combinations need to be considered. The following 
< inequalities correspond to mechanisms a through e (Fig. 3) and must be 


fulfilled if the given loads are not to exceed the load- d-carry ing 


frome: 


M,+2 M.> 


For anv failure r 
— 
— 
— 
— 
— 
> 


To examine the import of these inequalities, assume first that Mi < 
Any yield hinge that forms at a corner of the frame will then be in the beam a + 
rather than in the column. This means that only mechanisms a, c, and e po 
_ (Fig. 3) need to be considered when M, < M:. Inspection of the inequalities A 
corresponding to these mechanisms reveals that the inequality. expressed by 

Eq. 10 is more critical than the sum of Eqs. 6 and 8. Therefore, it is unneces- = . 

sary to inv estigate the combination of mechanisms aandc 


putas 


Considering next the combination of mechanisms a and e, if both are to. 


be failure mechanisms, 


i4 
Because it was assumed that M, es Ms it Eq. 12 that 


at In Eq. 6 the ratio of the coefficients of M; and Mi, 02/6;, has the value of 0; 4 
in Eq. 10 it has the value of }. Because mechanisms a and e are combined 

with arbitrary positive coefficients, 62/6, varies from 0 to Aocording 


M, 


— 
— 
all 
m 
tie 
“4 — 
ts — 
— 
— 
— 
ing 
(9) 
o 
10) | 
(10) 
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= In the design chart of Fig. 4, h/l and the ratio, (Q h)/(P 1), are used as r rec- 
 tangular coordinates. Because these are reateloted to positive values, a specific 
_ geometry of the frame, h/l, and a type of loading, Q/P, are represented by a — 


point in n the first nt. Th The heavy lines div ide this into ‘Tegions 


— 


§ labeled ‘from A th through G. For each h region the ‘minimum-weight design i 


2 ‘specified by one of the — 


Region A: A: M = =P 1/4, Mr = 
Region B: M, = Ma = 
Region D: = = Mi = 
Region E: Mi = Mz = (PL +Qh)/6 
My = (PL—Qh)/2, M2 = 


Region G: M, = P 1/2, = Qh bala 


of these regions corresponds to the of two of the 


mechanisms shown in Fig. 3. _ Region A, for instance , corresponds to the 


— of mechanisms a a and e, which has been investigated in the fore- . 


h/P 4, to the left of line h/l = or to the right of line = =Q P L 
_ In Fig. 4 these are line 1-2, the vertical axis, , and the curve 2-3. ( 31 01 pal x ai 
B corresponds to the combination of mechanisms and e. m 


- 


— 4 
— 
— 
4 

= 

— 
— a 

— 
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An examination similar to that presented for region A 
- cannot extend beyond broken line 45-67 in Fig. 4. 
this point a frame geometry and a type of loading are by 
7 point between line 4-5 and line 3-10 are considered. The foregoing would | 
indicate that the design specified by Eqs. 12 13, as as the design — 
‘specified by Eqs. 18 and 19, , admits of a failure mechanism satisfyi ing Eq. | 4. a 
In general, however, these two designs will have different structural weights; Ee 
thus, only one of them is a minimum- weight. design. Only when the considered 
point lies on curve 8-9 do the two designs shave the same structural weight. — 
To the left of this curve the first design is lighter, and to the right of thiscurve 
_ the second ‘design i is lighter. Therefore, curve 8- 9 is the common boundary of 
regions A and B. Its equation is found by setting the weight of the first 


as 
Pes The boundaries of all regions in Fig. 4 can be found in this manner. Ky Regions 
E and G, for instance, correspond to the nang combinations ef and df, 


of broken line levees andl region 1G amet vers to the left of curve 11- 13. 
equating the structural of E and the common i 


is show1 n in 


are same as those given in Fig. of Fig. 4 and Fig. 5 reveals 
the change from a =1to the more realistic value, a =%, does not ch: ange 
the general of the regions although it introduces 

> design for minimum weight is usually | based on ‘the 
assumption t that the weight per unit length of a structural member is pro- 
to its fully plastic moment. F or the portal frame | analyzed 
Foulkes,'® the more realistic assumption t that the unit weight i is proportional — 
to the 4-th power of the fully plastic moment leads to: a design chart having the - 
same general arrangement of design region as Foulkes’ chart but involving ay 
considerable distortion of the Accordingly, both assumptions regarding 


j he 
a 
| 
— 
i 
, eee (20) 
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eg 
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Foulkes” has derived a similar design chart for a — 
| 
> 
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PORTAL FRAME 

the unit weight lead the same minimum- -weight design only if the 
8p pecifications are represented by a point well in the interior of one of the design q 

regions. . W hen the specifications do not fulfil this condition, the usual sim-— 
plifying assumption regarding unit weight may not yield the true minimum- 7 
design. However, because the pointe on the border between adjacent 
corresponding designs 
weights, the difference ii in n weight the true minimum-weight 
design and the design obtained from the usual simplifying assumption is likely 
7: to be small. This remark justifies the use of the simplifying assumption for 


The were obtained in of research spon- 


7 sored by the Office of Naval Research, United States Department of the Navy, © 
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w iter is indebted to for supplying an copy his “a 


te 


[7 


a 
8 
— 
| 
= 

— 

— 
— 
— 

a 
— a 
— 
— 

— 
— 


KETTER PORTAL FRAME 


| 


Kerrer,” J. M. “ASCE. —In ‘Gecuming the problem of the 
minimum- -weight design of portal 1 frames, it should be noted that seldom, if 


ever, will a ‘structure as found in practice be subjected to o nly one condition © 


of loading. Therefore, it is necessary to determine or to check the required 


size of the component parts of the frame for each of the possible loading - 


configurations. problem | becomes even more inv volved for the case of 


(20 30 4050 +$‘(200 300 400500 ~~ 1000 


| well the value of a = 2/3 used by Mr. Prager checks currently (1957) available | 

structural sections. — In Fig. 6 the | weight per foot of members is plotted versus | 

the plastic modulus (which i is proportional to the full plastic moment, ‘M;,) for 
~ each of the rolled W shapes. As indicated, within a given range of nominal - 

- depth of section, weight increases approximately a as the plastic modulus | raised 

to the 0.91-power. Considering the lower extremities of these sections av vail 

-able—that is, the most economical sections—if the w eight | is less than approxi- 
mately 40 lb, the weight increases approximately as the 0.55-power of the a 7 


= aii, Research Asst. Prof., Fritz Eng. Lab., Lehigh Univ., Bethlehem, Pa. vu oe 
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—— to be a better approximation. The value of a = 
author is a reasonable value for the over-all range of available wide-flange 
Ketter for 


2 
PRAGER. M. ASCE. are ‘extended to 


= kM, 


= 
modulus. _— cases in which the weight is greater than 40 lb, W 
= 2/3 ‘used by the 


his comments. = | 
oe. purpose of the paper was to investigate the influence of the usual : * 
jinearization of ‘the expression for structural weight. For this purpose, it 
4 seemed suffic ient to consider a single condition of ‘loading. It should be — 7 
noted that minimum-weight design for multiple conditions of loading has been 


4% Prof. of Applied Mechanics, Brown Univ., Providence, R. (edd 
ming and Structural 1 Desa. by J. Foulkes, Proceedings, ‘2d a on Linear | 
L PP. 177- 184. 


“Linear Ue Bares 
“ hace U Bureau of Standards, Washington, D. C., Vol. 


fi 


— 
— 
— 
a 
— ia 
= 
— 


AME RICAN 


N SOCIETY OF ENGINEERS. 


ent 


* 


"DEVELOPMENTS TANK SYSTEMS 


By JoHN E. Kiker, ASCE 
Some important changes i in the , design criteria for | septic tanks and subsur- 
“face sewage-disposal systems have occurred. These changes are set forth and 


changes i in 1 design criteria for septic tanks and subsurface sewage- 


field research, including studies and Pate or of available field data, and 
actual observations of | field installations during construction and normal oper- 


Public health workers, in general, and sanitary ‘engineers, in particular, 
have become fairly familiar with the extensive studies that were begun in 
:1946 by the United States Public Health Service (USPHS) on household 
These studies resulted in three comprehensive 
progress reports. ‘Few people i in the field are probably aware | of the pre-- 
eal being taken | by the USPHS in attempting to correlate the results — 
found at the Robert A. Taft Sanitary Engineering Center in Cincinnati (Ohio) © 
with practical observations in the field, and in attempting to limit recommenda- 
tions based on the studies: to practic es which may reasonably be expected 
under field conditions. _ To this end and to assist in the preparation of a new yp 
the USPHS has engaged consultants who have had extensive ex- 
perience in in the design, construction, operation, and repair of various types 
of septic tank systems. The addition of their knowledge to ‘the considerable 
ae already within the USPHS promises that the manual will be of 


__ Norr.—Published, essentially as printed here, in October, 1956, in the Journal of the Sanitary Engi _ 
‘neering Division, as Proceedings ‘aper 1088. Positions and titles given are those in effect when the paper 

Prof. of Civ. Eng., Univ. of Florida, Gainesville, Fla. io 
act “Bending on Household Sewage Disposal Systems,” Pt. I, by S. R. Weibel, C. P, Straub, and J. R. a 
Thaman, U. 8. Govt. Printing Office, Washington, D. C., 1 1949. 
Pt. II, by T. Bendixen, M. Berk, P. J. Sheehy, and S. R. 8. ( Govt. vt. Printing Office, 
Washington, D. 195! 
Pt. IIT, w. Bendixen and J B. Coulter, U 8. Govt Printing Office, 
» ington, D. 1954. 
‘Manual 
ington, D. C., 1 1957. 
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sepric TANK SYSTEMS 


wales in "reducing the number of failures of individual | 


paper summarizes the more important changes which that will be 
7 examined in the n new manual. ‘There is ‘no assurance that all the changes — 

“mentioned herein will be included in the manual because the final manuscript 
; has not as yet (1957) been approved. _ Therefore, this report represents only 


the views of the writer. iter. 


Capac ity is one of the most important. considerations in the 


— tanks. _ Contrary to popular belief, sewage solids that have been sub- 
jee ted to anaerobic treatment in a septic tank cause much less clogging than ; 
the same quantity of solids in the effluent from a primary settling tank w where — 
_ the detention time is short. Solids that are of a gelatinous nature in n fresh 
sew age become more crystalline in sewage that has been en subjected to to anaerobic © 


‘treatment during prolonged storage in a septic tank. by 
Large: tanks providing for liberal sludge and scum storage capacities ob- : 
viously have the additional adv antage of permitting longer intervals betw een 
cleanings. In some cases, 7 50% 

—Liqu increase in capacity will double the 

time interval between cleanings; 


bal | of | Recommended only important from a functional — 
Sank capacity | per bedroom standpoint but from the standpoint 


| 750 750 375 ofeconomy. When it is further con- 

250 that septic tanks were 


signed for the treatment of domestic 


sewage before the dev elopment 


hetic detergents, shia and that many failures in “existing 


By stems have been attributed to increased loads resulting from the expanding 5 
use of such appliances, it becomes ‘apparent that an upward revision of tank 


t 


capacities is needed; the capacities recommended are given in Table 1. ageheprn — 


- ru Because less ileneiatat't is caused by an effluent from a tank in which pro-— 


longed storage has been provided, ‘it is no longer considered | justified | to -dras- 
tically reduce the detention time in . large tanks, such as those serving institu- 


tions, recreational areas, and business establishments. 
isa well-established fact that the performance of a 
“septic ta tank is superior to that of a single-compartment tank in the removal - 7 
“4 of suspended solids and organic c colloids. ~ One of the reasons for this is ‘the | 
> trapping action of the second compartment, serving as it does to allow settling _ 
of particles scoured out of the first compartment. . The advantage of the extra — 
removal in the second compartment is more significant than may be first 
apparent. For if of the suspended is removed i ina single- 


tank of the 


hence, liberal tank capacity is not 


— 
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Based on on information | presently available. (1957), the best design for home 
installations is believed to be a properly fitted, two-compartment tank, with - 
the volume of the first compartment equalling about two-thirds the total | 
volume of the tank. It is not considered practical, howe ever, to ) recommend 


definite requirements for two-compartment tanks in areas in which single-com- 
tanks have been satisfactory, 


4 ai able data indicate that relatively shallow tanks function as well | 

| as deep ones provided there i is no sacrifice involved as to capacity or ‘surface 
area. Also, for tanks of a given capacity and depth, elongated tanks are as as 
—_ as those havi ing length-to-width ratios of 3 to 1 or less. Thus, for 
large tanks especially, it should not be required that the length of a tank be no ~ 


more than three: its width. Depths: may range, generally, between 


«ll The purpose of percolation tests is to obtain a quantitative measure of the 


draulic of a soil to absorb clean wa water. The results are translated 


rent types of soil. a he safest method is to make the tests in holes that 
id have been allowed to soak and to swell overnight. This is particularly desirable | 
when the tests : are being made > by inexperienced personnel, but it is not usually — 
eq necessary if they. are made by a an experienced engineer. Tests should be emade 
in soil that is saturated, however, and several tests should be made in separate 
holes” until tl the water seeps away at a constant rate »° OF until equilibrium »" 4 
conditions are reached.?: The need for co continuing percolation tests for sewage- 
absorption systems until such a degree of consistency is obtained i in the results 
was noted first in 1948,° and again in 1949 7 and 1950. was later re- 
emphasized in the Cincinnati studies,4 
a for certain types of soils. — Although soaking and overnight swelling have some — 
it has been found that, i in most. cases, the shorter visit” 


; 6 “Subsurface Sewage Disposal,” by John E. Kiker, Jr. , Bulletin No. 28, Florida Eng. and Industrial — 
Experiment Station, Gainesville, Fla., December, 1948, p. 


7 “Improved Soil Percolation Test,’’ by Harvey F. Ludwig and Gordon w. Ludwig, 
Works, Vol. 96, May, 1949, pp. 192- 194. 
8“Equilibrium Percolation Test,” by H. F. Ludwig, W. D. Ward, A O'Leary, E. Pear 

__®*Rational Design Criteria for Sewage Absorption Fields, " by John E. Kiker, Jr., Sewage and Indus- 

W 8, Vol. 22, 1950, PP. (1147-1153. 


total volume, the suspended-solids load on the leaching system is one-— 
4 half greater from the single-compartment tank. Considering that failures of 4 — 
leaching systems occur most frequently in tight soils, the superior performance 
* 
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the instructions for them are lollowed and if the tests are conunued unt — 
_ sg the results are consistent. Failure to do this has been the primary reason for a 
— 
— 
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‘ 
rer discrepancies as have been the dev elopment of further 
basic data, both types of tests are being recognized and are considered accep at- 
‘7 ‘able under panelihins that will be explained in greater detail in the new © 


-SYsTEM DesiGn 
For the most part, ‘the design of different types of leaching systems has 
been based on original work of Henry Ryon, who recommended, in effect, ' 
that the leaching surface area of seepage pits equal approximately 7 75% of the 
‘required in subsurface ‘irrigation fields or in absorption trenches. In 
fF ‘some sections of the United ‘Gates, however, it has been found that seepage 
; pits v which are 80 designed will fail much earlier than absorption trenches. As a 
o a result, some localities have required larger areas for se seepage pits than for 
trenches—which is the opposite of Ryon’s recommendation. 
These experiences indicated | a need for further investigation a and for -_ 4 
reappraisal of the factors that were formerly. thought to influence the func- ‘| 
tioning of subsurface-disposal systems of all types. It was commonly believed — 
that the permissible > loading o on seepage pits could be greater than t that on 
, -4 seepage trenches because of the greater head of water in pits. Inn most places, — 
_ it was also common practice to allow for only the sidewall area in seepage pits © 7” 


id and for only the bottom area of seepage trenches. 1952, Harvey 1 F. . Ludwig, 


M. ASCE, and John M. Stewart, J. M. ASCE,” noted that this was inconsistent 


‘ and expressed the belief that all the available contact area should be equally a 
-- gonsidered. It may be added that the inconsistency Ludwig and Stewart 


‘The reports of failures of seepage-pit sy stems in places in whieh seepage — 
trenches functioned satisfactorily under reasonably comparable conditions — 

(except for reductions in leaching area as described discredited the 


oa noted becomes glaring when combinations of the two types of aysoms are used if 


stems. Although such factors are significant in tests with clean 
water because the rate of percolation depends on the true hydraulic head, which © 
“* * * includes the pull of the suspended water’ * below the test hole, different 
a predominate when sewage effluent is applied toa leaching area. 
ey First, the degree. of sewage applied is much smaller than the quantity | of — 

7 water used in a percolation test, the ratio being approximately 1 to ia: A 

ae : factor when sewage is applied to a leaching system is the surface 


area av ailable for the decomposition of the material and organic 


are 1 relatively, ‘unimportant as compared with the surface. 
area, and a given area should be considered about as equally effective whether — 
it is horizontal or vertical. This leads to the conclusion that the same design — 


criteria should be used in ‘computing the required ar areas for s seepage pits and 
= trenches, and for combinations of the two. Considering the wide 


— — 


10 “Equilibrium Percolation Test for Estimating Soil Leachi Capacity,” by Harvey F. Ludwig and 
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diameter and 90 ft deep in one part of the country to senate of 10 ti in Siasen a 
and 4 ft deep in another part of the country—there s seems to be little justification — 
in adhering to « concepts based on limited work in an area where pit dimensions _ 
i varied over a relatively narrow range. Indeed, the extremely deep pits of 
small diameter r may appear to be merely vertical trenches, and the ithe similarity — 
rates not less than 1 in. in 30 min, the writer 


‘seepage but shallow trenches are considered if the rate is not 
slow er than 1 in, in. in 60 min. This allows f for some -evapotranspiration where 
the disposal a area is s shallow. The recommended absorption-area r requirements 


P 1 Required di P t Required | 
ation rate >in feet tion rate,*  area,? i feet 4 
minutes er bedroo in minutes 


_ Time required for water level to fall 1 in. The absorption area in standard, narrow, and shallow 
trenches is considered to be the bottom trench area. For extra deep, wide trenches, allowance should also 
be made for the effective sidewall area below the first foot underneath the distributing pipe. For leaching 

_ pits the absorption area is equal to the outside area of walls in the pervious strata beneath the inlet. In 
computing the outside area of leaching pits, the ‘‘dug” diameter is used and full credit is allowed for rock 
backfill outside the walls. ¢In every case, sufficient area should be provided for at least two bedrooms. 

Unsatisfactory for seepage pits. ¢ Unsuitable for 


Although not for household installations, that 


as having practical application i in special cases or in n large systems. if This 
5 is based on the premise that a deep trench is essentially a combination of a 
_ horizontal trench and a vertical pit, and it acknowledges the observed success — a ‘ek 


_ of wide trenches in some places. Due | allowance should be made for « extra oe 


_ Approximately twelve hundred products, including some containing en- 
zymes, , have been placed on the market for use in septic tanks. Although — 
~ extrav agant claims have been made for some of them, none of them, so far > 
i as is known, has proved advantageous i in properly controlled tests conducted 
educational institutions or by reputable testing laboratories. ‘Several 
have excellent facilities for fundamental studies that could be 


= 

— 

| 

4 
4 — 
— 

— 
— 

q 

a 

— 

| q i 
— 


SEPTIC TANK SYSTEMS 
on gov overnment ed from taxes are seldom. to make tests 
eu _ There is conflicting information concerning the effects of synthetic deter-_ 
ing gents | on septic | tank systems. ns. Studies at the Robert A. Taft Sanitary En- 
- gineering Center showed that none of seven brands of household dctrgents 
a; ; interfered with normal sludge digestion when used in quantities representing 
s ‘ av erage e household use for all purposes; however. er, , several of the brands notice- 
‘3 ably interfered with this digestion when used in quantities representing oi 
_ than average use. Other research undertaken at the center has indicated — 
_ that detergents do not cause more e short-time clogging than any soap, but it 
“ao also found that one detergent did slightly more damage to soil structure. 
_ Testimony by engineers, sanitarians, septic tank 
shortening the life of soil- sy ystems. There is is a need 
*% the effects of proprietary products in parallel installations under properly 
- eontrolled conditions in which the use and nonuse of synthetic detergents ar are — 
the ‘only variables. again, 1, however, no no manufacturer has as yet been 
willing to sponsor a research program that would make comprehensive com- 
oi parisons in i installations where actual field conditions could be be simulated for 
prolonged periods. Although ‘may be agreed that ‘average amounts 
ad detergents will have no adverse effects on septic tank systems, the fact remains — q 
that there are approximately 6,000,000 septic tank installations i in the United 
States. If detergents caused failures of only 1% of this” number, 
that would still account for 60,000 failures a year. Therein may lie a reason — 
* for the discrepancy between published research results and the field observations 
of those who insist that the new " detergents have been responsible for n many — 


i is an note to this problem, however, in | the fact 


fora 50% i increase 20 to: allow for household appliances, a 
Iti is apparent that this increased capacity should result in better conditioning 
of the effluent that is discharged to subsurface disposal systems and that this, | 


in turn, should result in fewer failures. 


Adviaory Board (BRAB), which, under contract between the Federal 
‘Housing Administration (FHA), and the National Research Council, evalu-— 
ated various opinions, observations, and research. A special advisory com 
rn was appointed for this study, the members of which “* * * were 
selected o on the basis of their know ledge and experience as as indiv iduals i in the 4 
subject 
In addition to the observation that further research i is needed, the major 


conclusion of the e BRAB was that: wad 
ag “A properly designed individual ‘septic tank and subsurface drainage 


sy stem can be used effectively in disposing of all liquid household wastes 


ode “The Effect of Automatic Sequence Clothes Washing Machines on Individual Sewa e Disposal 
Report to the Federal Housing Administration, Div. of Eng. and Industrial , Building 
Research Aavisety Beard, D. C., March 22, 1956, p. 24. 
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The committee also agreed that it is unnecessary to have separate systems 
for the “disposal of minitany wastes and laundry wastes from an automatic 
washing machine ; also, laundry wastes may be advantageously treated by the © 
— action, the lint removal, and the biochemical action that occur 
in . the septic tank used for r the sanitary wastes. According to ‘the report, 
“except in rare cases, there will be an economic advantage in having a com- 
system for disposal of sanitary wastes and laundry wastes. 
- However, the report does not disparage the use of separate sy systems for 
‘emis wonton, and it is believed that separate systems should be allowed © 
when home owners wish to go to the extra expense of installing them. Of 
_ 159 replies s from. health departments t to a letter of inquiry from the B. BRAB, 
89 indicated that individual sew age-disposal sy ystems will function satisfactorily. 
_ with combined sanitary wastes and wastes from automatic sequence ‘washing 
Fs machines if properly sized for the increased liquid volume. However, 36 indi. 
q cated that “separate sewage ‘disposal facilities should be provided to dispose « of 
3 waste from automatic sequence washing machines.”’ (Thirty reported no infor- 
“ mation on the subject of of the ‘inquiry. ) 4 Although septic tank installations — 
- should not be allowed in n new developments where a single disposal system would ~ 
not be satisfactory, separate systems for laundry wastes are sometimes desirable 
in marginal areas Or in areas that L were developed | before home water consump- 


tion was increased as a result of the use of automatic washing ‘machines. — 


In such a phish system, a replaceable rock filter may be found to be better — 


a than a septic tank for the removal of lints and fines from the wastes. — 


CONCLUSIONS 
At tanks and disposal stems a are 2 poor 


the treatment of sewage before the of household 
washing machines, synthetic detergents, and garbage grinders. Because 
they are likely to create public health problems which may be difficult t 
correct, septic tank disposal systems should be avoided wherever possible. In 
; general, they should be used only i in rural areas of large acreage where suitabie 
- soil is available for ' disposs al of the effluent by subsurface means. They should ie 
‘not be used in places where the ‘soil is impervious, or where the maximum a 
_ ground-water table comes within 4 ft of the surface during the wettest season, ve 
or w here the subsoil conditions are otherwise unsatisfactory. They als 
~ should not be used in locations where there is any likelihood of contaminatin 
water supply, lake, or other water course. 
Ww hen septic tanks must be used, ‘they should be of adequate capacity t 
allow for increased loads from modern ‘n home 2 appliances. . The disposal systems 
following the tanks should also be liberally designed in accordance with sound — 
a “The Effect of Automatic Sequence Clothes Washing Machines c on Individual Sewage e Dis 


Systems,” Report to the Federal Housing Administration, Div. of Eng. and Industrial Research, 
Research Advisory Board, Washington, D. C., March 22, 1956, p. 2 
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subsurface in addition to properly conducted percolation | tests. 


_ There should be no compromise by allowing installations of inadequate septic _ 
tank systems as a means of of competing w with central sewerage and sewage- 


treatment facilities. At the same time, antiquated traditions should be 


abolished and reasonable departures from standard practices should be allowed __ 


where they have proved successful. 
‘These objectives may be accomplished d by following the procedures recom- 


Joint Committee on Rural Sanitation, sponsored by th the USPHS: q 


a under the chairmanship | “of Malcolm C. Hope, is performing an important 


role in review ing and revising the manuscript for the manual on which this 
_ paper is based. Most of the writer’s initial work on the manual was done at _ 


the Robert A. Taft Sanitary Engineering | Center in collaboration with James" 
B. Coulter, Samuel R. Weibel, and ‘others associated with the Cincinnati 


- Reports prepared | in 1952 and 1954 by the F ‘Rural Sanitation Committee 


of the American Public Health Association were used as major sources of 


information. Contributions of agin 5 practical value were made by 
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pe. used long enough to understand precisely its procedural ‘details and basic 4 mee 
concepte. The of this method on benefits and alternate costs is 


Attocation OF Costs 


the to be served that structure. This operation becomes 
i necessary because of: (1) The utilization of one structure to provide services ai 


of different natures; and (2) the , requirements « of federal laws that make some Pea ie 


services reimbursable, others nonreimbursable, some interest-bearing, and 


project to each function i in the project. Within each such 


“that are related to two or more functions. 
_ Nors.—Published, essentially as printed here, in May, 1956, in the Journal of the “Tavestigation and 
. Drainage Division, as Proceedings Pa 961. Positions ‘and titles given are those in effect when the 
‘Paper or discussion was approved for publicationin Transactions. = 


| NEERS 
by | 
| 
COST ALLO OSE 
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alternate costs, specific and separable costs, joint costs, and remaining project 
eosts. These concepts are examined in relation to each other and to the 
principles of cost all mulation, 
a Need.—Government agencies in the water-develo ment field find it 
— 
| — 
— 
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72 


= es, Methods. —There are many ‘methods of allocating costs, and any single 
method, 0 or combination of ‘methods, might be applicable toa particular 
situation. All will not be covered. herein, but some of the basic concepts 
My Ghat should govern the preferable ones will be set forth. In March, 1954, ae 
/ thr three agencies of the United States dealing principally v with multiple-purpose oe 
projects—the Federal Power Commission, the Corps ¢ of Engineers (United 
ae States Department of the Army), and the United States Department of the 


to use three methods. ‘These wore the methods of 
TABLE 1- 


: 86 


SeparaBie Cosrs-Remainine Benerirs METHOD 


® The benefits of each purpose are estimated. _ 


(2) The alternative costs of single-purpose projects 


—Brier DESCRIPTION OF STEPS INVOLVED 


(1) The benefits of each purpose are estimated. reg 


ALTERNATIVE JUSTIFIABLE EXPENDITURE MeTHop 


(2) The alternative costs of single-purpose p rojects ri 
to obtain the same benefits are estimated. 
The separable cost of each purpose is estimated. | (3) The specific cost of each purpose is estimated. 
The separable cost of each purpose in the | (4) The specific cost of each purpose in the multiple- er ee! 
te SS project is deducted from the Wie purpose project is deducted from the lesser of _ a 
_ lesser of each purpose’s benefits or alternative iy he that purpose’s benefits or alternative cost. 


te obtain the same benefits are estimated. 


a. - cost. The leaner figure is used because alter- 

iRative cost is used in this method only if it 

represents a justifiable expenditure—that is, 
nal if it does not exceed the benefits. 

a8 6) From the total cost of the project all separable 

costs are deducted to determine residual costs. 

af? (6) Residual costs, designated as joint costs in this 

Pe method, are distributed in direct proportion 

in to the remainders found in step (4). 

ve ee) To determine the cost allocated to each purpose, 

_ the separable and distributed costs for each 

purpose are added, and, in the case of power, 

From that sum is ‘subtracted the amount of 

taxes foregone which was used in computing 


The lesser figure is used because alternative 
_ cost is used in this method only if it represents — 
& justifiable is, if it does 
not exceed the benefits. 
(5) From the total cost of the project all polis 
costs are deducted to determine joint costs. 
(6) Joint costs of the multiple-purpose project are 
_ distributed among purposes in direct propor- 
Fel, tion to the puunaiadone found in step (4). 
” Allocation of the project cost is determined “a 
the same manner as under the separable — 
costs-remaining benefits method. wt 


TABLE 2- —SIMPLIFIED ILLUSTRATION OF APPLICATION OF 


1. Benefits 

2. Alternative single-purpose cost.............. 
a. Lesser of item 1 or item 2.. 

8. Separable costs 

4 , Remaining benefits (item 2a — item 3). 

_ Percen 


~t joint cost (project cost — item 3). 
6. Allocated joint cost 
«tT Total allocation (item 6 + item item $).. 


benefits, justifiable expenditure, and | use a 


ties, inorder of preferencee. | 


ace pose is assigned its separable « cost, in addition to a share of ‘the joint” costs — 

purpose to the remainders found by deducting the separable cost 
i each purpose from the lesser benefits si the alternate cost for that purpose 
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G00 | 11.890 | 990 | 190000 
— 3 
a 
a 


& 


s. is vealauiel its specific cost, in addition to a share of the joint costs sinoneaion- 
to the remainders found by deducting the specific cost of each purpose from »: 

the lesser benefits or the alternate cost for that purpose e (Table ansh« alk 


aR The use of even method is oan in whieh each purpose is assigned its 


in 


as water releases, reservoir capacity, power capacity, or consumption a : 

_ energy. However, this method has only limited application, such as in b. 

/ dividin g the cost of a canal between municipal water and irrigation water on 

a roe basis. It is useful, then, in making suballocations on the basis of 
a proportionate use of a given facility as measured in physical terms. = = 


bey The alternative justifiable te roe method i is the better known of the ey 


benefits i in that with the latter method separable costs 


- are used rather than specific costs as in the alternative justifiable expenditure 
method; this difference will be cited subsequently, ard 
ott Each of these two methods has seven major steps, which are shown in ‘ 
Table 1. Many of the | problems dealing with the selection of alternatives 
that will be examined herein are common to both methods. darren A ad Ute 
Ss Principles. —The use of one structure to provide more than one service 
_ to the other functions of the | cotmbland structure should be ba than the cost 7 
a of the most economical single-purpose alternative met! method of producing similar a 
ne benefits for that function. _ This being the case, a basic principle | of cost 7 
_ allocation is that the saving derived through the use of the combined structure 7 
for numerous functions should be shared equitably by all functions. There 
are certain benefit-cost relationships that must be recognized—such as, no 
7 - function is to be assigned costs in excess of its benefits or to be supported by 
_ benefits attributable to another purpose, and no function is to . be assigned 
costs: gr greater than the cost. of an alternative single-purpose project. The 
pony must be consistent also with existing laws, treaties, and compacts | 
The following b broad principles are applicable: 


1. Each purpose should ‘share equitably | in the ‘savings ‘resulting 


a s 2. The minimum allocation § is its specific cost or its separable cost, depend: 


The maximum allocation is its benefits or its alternative single- -purpose 


: 4. Joint costs should be apportioned without regard to the capability of 
any particular purpose to repay its costs. 
Biss 5. Legal priorities for the use of water and existing laws, trenton, and 
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be defined briefly as the estimated value of the services or 
_ by the various functions of the project. As will be noted from Table 1, bene- 
* fits are used in both methods as a rein on alternate costs, a measurement of a 
the maximum allocation, and a basis of proportioning joint costs. Therefore, 3 
fo. they are of critical importance in the determinations under certain conditions. — + 
i Theoretically an equitable apportionment will result only if the benefits are 7 
equally valid among themselves—that is is, power benefits, or municipal and i in- _ 
- dustrial water benefits, should be computed with the same validity as irriga- - 4 
tion and flood-control benefits. It can be questioned whether this is currently - 
(1957) being done. Power and municipal water-supply benefits are usually 
computed as of alternative costs. Irrigation benefits are measured 
ws as increased net income, whereas flood control is measured as savings: in . 
In addition there may be intangible benefits on no monetary 
- can be placed ; yet they are real benefits not entering into the allocation peocens. 
_ Another major weakness is the inadequacy of the basic data used in esti- — 
mating alternatives for the single purpose. | Many times an alternative — 
_ will be a different dam site for which little, if any, basic data are available. 
The cost estimate is not ot likely to have the same degree | of of validity as that — 
These are matters of concern for aspects of project development i in addition | 
| to cost allocations. They can affect project formulation and justification. 
- However, they do not affect the application of the cost-allocation method. tie 
om ‘Uniform application of the | separable costs-remaining benefits method 
requires acceptance and adoption of basic concepts covering alternative 


ia single-purpose costs, specific costs, separable costs, and, perhaps, remaining 

project costs. The adoption of a particular method does not guarantee 
uniform procedures and results. _ To use separable costs is not the answer & 

because they are subject to acceptable definition and the application thereto 

— _ of guiding concepts. Methodology is still being explored to clarify the rela- — 

tionships between generally sccepted concepts and the desirable degree of 


In order to understand the presented subsequently, Table 2 has 


been prepared, showing i in a simplified manner the application of the major 
steps involved in the separable costs-remaining benefits method. (Table . 
- what those steps are.) Such items as interest during construction, _ 
_ aan of taxes foregone, and operation and Maintenance costs have been 
— excluded to facilitate understanding and because the } points ra raised hereinafter 
Selection of the Single-Purpose Alternative—To provide service to 
project at least cost, all practical alternative means of {single-purpose develop- 


> 
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herent Weaknesses.—Any allocation method that uses benefits at any 
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native method a providing benefits to those the 
selected project should be used in formulation and in cost allocation. 
alternative does not have to be located at the multiple-purpose project. site 
= and it 1 may differ physically—for example, a steam-electric development may 
be the most economical alternative to a hydroelectric plant. Because of the _ 
 searcity of available sites, , construction of a single-purpose dam may preclude 
using the same site for other purposes for which that site is necessary or most — - 
suitable. This practical difficulty does not prevent the use of the site in 
considering an alternative to computing single-purpose costs: for allocation 
‘purposes. — The alternative should be realistic in that it can be built and, if 
x built, would produce equivalent benefits. The single-purpose alternative need 7 
a not have benefits in excess of its costs because it may be unjustifiable as eed ae 
separate project. In such ‘cases the benefits, rather than the alternative ~ 
_ single-purpose costs, are used as upper limits in cost allocation. The alter- _ 
- native single-purpose costs properly represent one limit on costs that may 
included in. project plans and allocated a ‘purpose; the other ‘upper 
limitisthe evaluation of benefits. 4 


ta As stated, it is not required that the single-purpose alternative be justified. _ a 


a In ‘many cases there is no justifiable alternative of | any ‘magnitude. If the 
alternative must produce benefits equivalent to those of the selected project, (4 
the chances of justification are even less. Such a hypothetical requirement “at's 
4 would then become me meaningless because there would be no alternative. It 
_ would probably be necessary to rely solely on benefits as a measure of the 
maximum allocation. . All that could be gained by requiring justification / 
the alternative would be the refinement of the costs of that alternative, which > 
_ would result from the efforts made to find justifiable alternatives. 8 —— 
Specific Costs. —The readily determinable costs of facilities that are clearly _ 
- one purpose only should be allocated specifically. to that purpose; examples or 
_ of such facilities are power plants, transmission lines, and irrigation canals. _ 
They are termed specific costs and represent the minimum allocation in the 7 
alternative justifiable expenditure method. At times, there will be space in a ' 
: jointly used reservoir that is assigned exclusively to a single purpose, as for -_ 
_ example in the case of the inviolate flood-control space in many reservoirs. = 
‘The specific cost of providing such space is not readily y determinable because 25 
the space occurs at the top of the reservoir. Thecost of adding theincrement — : 
ean be determined by subtracting the cost of the structure withou‘ the space a 
oy that with the space, but this encroaches on the determination of separable * 
costs. _ By definition, specific costs are reconcilable with engineering cost esti- a 
mates, which list the costs of separate physical features, such as dams, canals, 
tunnels, penstocks, power plants, and electric-transmission systems. 
~ mainder of multiple purpose-project costs would be those items in engineering © wig 
_ cost estimates that represent the total cost of jointly used physical features. 
2 An alternate approach would so segregate specific costs that it would encroach. b. 
. « the apportionment of joint costs, and the cost of a physical feature — 
fos _ not be used as the unit of computation. _ For example, the specific cost of a 
= power plant or penstock embedded in a dam may be listed as the cost of the ca - 
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‘power or penstock to reflect cost of constructing 
4 adam without 1 the « embedded features, which may greatly modify the specific 


= effort when major costs are involved, ‘but they apply to separable costs ‘ 
_ rather than to specific costs, as defined in the March, 1954, interagency 


- Separable costs include specific costs plus that part of the joint costs 


7 q purpose project. a“ | The c concept is is an extension of the basic idea of the direct 


a assignment of specific costs. The separable cost is the minimum allocation 


to a function when the separable costs-remaining benefits method is used. It ; 
is quite possible that no part of the joint cost can be mageeen to a particular 


or specific costs together with some part of the joint costs. When 


money may been spent it in studies of possible s 


7 = of Separable Costs.—Although separable costs might con- | 


eivably be obtained by addition of component elements, in practice and by 

_ definition they are obtained by subtraction. This cost for each purpose is de- _ 
- fined as the difference between the cost of the multiple-purpose project and 
_ the cost of the same project” without the purpose. To avoid favoring one 


purpose over another, each pupinn should be treated as if it were the dl 


‘computation is to identify | added costs of increased size struc 


project. A series of cost estimates must be prepared, representing ae 


-multiple-purpose- project without each purpose. A clear distinction should 
be maintained between the concepts  underlyi ing these estimates, es, which may 


: ‘a be termed remaining project costs, and the c concepts of alternative single- 


ads Rem, AINING Progect Costs 


If the has been properly formulated, the remaining project 


will be justifiable by an excess of benefits over costs. For cost-allocation 


,.s purposes, howev er, the remaining costs do not not need to be justified and do not i 


need to be the pote yl economical source of providing ‘multiple- -purpose benefits. + 
to the remaining project. functions. ial To find and to use the r most economical | 
alternative in this. instance might, disperse | the functions to other | sites os and 
substitute other features, such as a steam-electric plant rather than a hydro-— 


; electric plant. Such a dispersal or substitution would not reveal increments 
of separable cost by identifying g the remaining part , of the multiple-purpose— 
‘Project. Instead, it would present a comparison of the multiple- -purpose 


project” with competitive plan of different nature » and location. Such | 
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wise 


additional category of multiple-purpose costs. = | 
Other approaches to the remaining project costs would be to seek the most 
economical plan regardless of location or type of physical facilities, or to use 

¥ the most economical plan for each combination of purposes at the multiple- fs 
purpose | site. However, these approaches appear to lead to inconsistencies, 

as, for example, i in the case of the omission of irrigation from a project including 7 a 
fumarate power. If the water required for irrigation depletions were 


. of certain generating units) would become part of the ‘separable « cost of irriga- r = 
tion, , which is obviously illogical. Therefore, it appears necessary to leave 
i specific costs unchanged i in the remaining project and to reject the aehaiion 
based on the most economical plan at the multiple-purpose site. 
1% In the example cited, remaining ‘project costs might also be based on an 
unchanged power plant but one with reservoir storage reduced to keep power 
benefits constant. _ They might be based on an unchanged power plant with 
reservoir capacity reduced only by the irrigation yn storage, which would p pos- 
- sibly result in power benefits greater than those obtained from the — 
purpose project. The choice will depend in part on the storage capacity — _ 
required to avoid interference with other project purposes. The use for 
_ power of the water required for irrigation depletions, in addition to omission of 
irrigation storage capacity, might drastically 1 reduce the size of the ‘reservoir 
in the remaining project. reduction “might well reach the point where 


cost of irrigation. oF This would establish the minimum allocation at a greater 

cost than the maximum allocation. Cases will arise in which greater benefits 
to some purpose are unavoidable if basic concepts of allocation are to be | 
_ preserved. © _ However, the remaining project should provide | benefits to each 
_ remaining p purpose that are at least equal to those obtained from the multiple-_ 


wilt , Jowt Use or Reservorn Capacity 


ml As previously noted, the cost of exclusive space assigned to a is seal > 
_ purpose should be omitted from the remaining project in determining — 


cost of that purpose. The treatment of ‘seasonally exclusive space 
is less clearly defined, as in the case of seasonal flood-control space, which dl 
other times of the year serves other purposes. In order to avoid interfer- a 
with these purposes in determining ‘separable flood- -control costs, the 
seasonal-flood-control space should be treated as an inseparable joint cost 
4 included wholly i in the remaining project. As another example, if all water > 
releases | for ne navigation were also used for power g generation, the omission of 
navigation would not allow a reduction in reservoir capacity, and the separable — : 


= cost « of Aenea would be limited to specific costs. - In the case in which 
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pump lifts and interfere with irrigation operations and benefits. Truly” 
a separable costs include those parts of jointly used works that can be. omitted 
- without interfering with other functions; if oer is caused, that segment — 


a Some aspects of the separable costs-remaining benefits. method are sla 
new, and procedures for deriving these costs are still being explored (as of _ 
- - Confusion and overlapping of concepts are major problems: as well ; 
as the degree of refinement that is. worth while. Extreme refinement is - 
i ae when attempts are made to assign the maximum amount of joint costs 
to those that are separable. By intensive effort, if none of the project pur- 
poses have separable costs limited to specific costs. Or to zero, it might be 
possible to obtain a total for all purposes of more than the multiple-purpose 
project costs. Emphasis should be placed on separable costs rather than on _ 
‘Temaining project costs; the latter are only a statistical residue in deriving 


The costs-remaining “benefits may not 
esults if applied arbitrarily to a ‘project in which the scale of ‘development a 
pe each purpose was determined on other concepts, ‘such as the maximum use oe 
ofa favorable site. The method may also have a limited use if applied retro- 
r; oll actively toa project governed by a legislative background and by justifying 


reports which base project authorization on other cost allocations, such as 
fixed proportionate uses of project works. ‘The criteria used in formulating, 


~The basic principle in the separable costs-remaining eo method of 

= % re, allocation is that the sav ings achieved through use of the ‘multipurpose _ 
FO «4 structure should be shared by all purposes. The maximum allocation to a 
o purpose is limited by the lesser of benefits or alternative costs, whereas separable 
costs represent the minimum allocation. In applying the method, the alterna-— 
tive projects need not be economically justified nor the remaining project the 
_ most economical source of providing the remaining benefits. Determining 
separable costs should be emphasized rather than ‘remaining coxts because 
they are assignable directly to the functions. 
__ Using present methods of computing benefits, the weakest part of the 

allocation process lies with the validity an and comparability of the benefits. 


‘For equitable results the allocation process m must be consi consistent with the Project- 


‘The writer wishes to thank Ira A. Watson, John D. Abrahamson, James 
_ C. Bradley, and George E. Tomlinson, M. ASCE, for their material conttibe- 


tions to dg their in its final preparation. jee 
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 Freperick . Hotes,? M. ASCE.- —Cost-allocation ‘methods’ for 
| resourees-development projects have been required in the past primarily for _ 
use in the analysis of proposed federal works. ‘When state governments 
begin actively financing, constructing, and operating ‘multiple-p -purpose water 
it can be that cost allocation will also be necessary in this \ 


oe know ‘the principles and details of federal cost-allocating methods. It — 
is almost axiomatic that any flood-control benefits that might accrue from a — 

a “local project will be presented before the United States Congress with a request 7 
for federal financing on a nonreimbursable basis ; other nonreimbursable benefits _ ae 
0 on , also be claimed. Although Congress, in principle, Might 


proper allocation of costs, in accordance with federal Federal 
‘ae financing of small projects will also require the use of some accepted method 
i of cost allocation. A Mr. Bennett has performed a distinct service in reviewing 


mon purpose—attempting to distribute the total costs of {the project sauitably 
- among the various functions or beneficial effects of the project. This simple — 


_ is aim is amazingly difficult to achieve, as Mr. Bennett has so ably demonstrated _ 

_ by presenting the results of some , of his experiences with the separable costs- 
remaining benefits method of cost allocation, which is presently (1957) one of 

the better techniques available in this field. 
The author has indicated (under the heading, “Project Formulation and — 
Legislative History’) that the method does not always yield equitable results. __ 

: In this connection the writer would like to discuss a limitation in item “SS 

(under the heading, | of Costs: Principles’’) of the broad — 

| 

‘There is a danger in using hypothetical examples, but the subsequent a 


tration o of f the e use of the -method demonstrates a definite limitation in certain - 


certain project has only irrigation and power benefits. The 
total project benefits | are $58,000, 000 and exceed the total project costs: of 
000,000. At this stage of the analysis the project. analyst does not know 
whether or not each purpose will yield benefits greater than cost because he 
dove n not know what proportion of the cost should be allocated to each function. .- 
~ Following Mr. Bennett's outline, the costs are allocated as in Table 3. tla 
The analysis now reveals that the irrigation costs exceed the benefits. 
- The proper conclusion is that the inclusion of irrigation vu under these ‘cireum-— 


; stances i is uneconomical and ‘unjustified. Tt would not be right to apply item 
3 3 and limit the cost to benefits. In addition, including irrigation in this in- 


2 Water Conservation Engr., Development and Resources Corp.,. New York, N. Y.; presently located 7 
in Ahvaz, Tran; Associate ‘Prof. of Civ. and _Eng., Univ. of of California, Berkeley, Calif, 
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stance a power-assessment cost that is is greater than | the cost, ofa an 
native pind which i is also uneconomical ‘works 


‘should be My from the project, or the rather 


Wes 


TABLE | APPLICATION OF SEPARABLE 
Bgwerrrs Mernop Reveauine UNeconomic PURPOSE 


Power 


$23,000 $35, 000 000 
. Alternative single-pur cost ‘ 
a. of (1) or step @ 
. Separable 
4. (item 2a — item 3). 
Percentage of total 6 
5." Unallocated joint cost (project cost — item 3) 
Allocated joint 17,800 1, "$00 
Total allocation (item 6 + item 3) 25,800 bs 30 200 


than reducing the allocated costs. to the level of the benefits. The foregoing — i 
_ is in full accord with the criteria set forth in a 1950 report,* wherein it is stated _ 5 
that “* * * each separable segment or purpose provides benefits at least equal — 


"another limitation of the separable costs-remaining benefits method is 
_ shown i in Table 4 for the case of a reservoir designed entirely for irr —— i 


4.—HyporHETICAL APPLICATION OF SEPARABLE Coss-REMAINING- 


Benerits Meruop Itusrratine Limitation For A CASE WHEN 
Cost 1s Zero (Costs 1n THousanps oF ral 


| 


Remaining benefits (item 2a — item 3) : 000 | 78000 

Percentage of total 


Unallocated joint cost (project cost — i to 


6. Allocated joint cost 


0 
7. Total allocation (item 6 + item 3) ‘ | “20,000 


yield, but which, inherently, provides ‘some recreation benefits. Both the 


separable costs and the specific costs for recreation are assumed to be zero— 
that i is, the recreation benefits accrue even though no specific part of the struc- : 


ture was designed solely to provide these benefits. = hte 


err “Proposed Practices for Economic Analysis of River Basin Projects, " Report by the Subcommittee 
on Benefits and Costs, U. 8. River Basin Committee, 6. of the Interior, 
Washington, D. May, 1950, Pp. 


= 
__Mr. Bennett's cost-allocation principles would be that, if the allocation costs 
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ae 


is logical. and fair that the recreation bei allocated sc some share 
“- the cost as some benefit is gained. Perhaps the best method of allocation 
in this case would be by proportional benefits—that is, to have the total cost — 
allocated in proportion to the benefits derived. fib 
} Whereas the proportional-benefits method is equitable in the case of 
Table 4, it is not correct to use it in the first case shown in Table 3. One of 
- the most vital weaknesses of the proportional- benefits method is that it permite 7 


B the inclusion of an uneconomical component as long as the total benefits — 


_ exceed the costs. allt is this very , deficiency in this simple approach to 


allocstion that compels the use of more complicated methods. 


_ It is probably safe to say that, as yet, there is no single method of cost. 

allocation that gives equitable results in all cases. a Engineers and economists 7 4 

must use the best of several methods, or a combination of several to 

an equitable distribution of costs. 
Although Mr. Bennett has ; eliminated d details that do not pertain to his basic an 


one point was mentioned that perhaps needs amplification. He has 


_ indicated | (under the » heading, “Example of an Allocation”’) that for the sake of 


simplicity discussion of “taxes foregone’’ was omitted. However, in item (7) 
of Table 1 “(under the heading, ‘Separable Costs-Remaining F Benefits Method”) 


“* * * and, in . the ¢ case of power, , from that sum is subtracted the amount 


of taxes foregone which was used in computing power costs under steps” 


- The f full significance of this phrase i is somewhat confusing. g. Apparently these 
taxes foregone would be included in items (2) and (3) only if the benefits in 


‘The: inclusion or exclusion of taxes would probably depend ‘directly on 

most convenient ‘method of determining benefits fits and i indirectly on the 
of the the agency the study. bested te 

EUGENE W. Ween, 4M. ASCE. —The concepts and for the ap- 
fens! of the separable costs-remaining benefits method of cost allocation 


item (1) included comparable taxes. The cost-allocation process would yield 


have been thoughtfully analyzed and effectively presented. 


oa _ Experience in applying this method of cost allocation has indicated that it = 
rs be desirable to depart from the rigid interpretation of ‘separable costs de- i 

- fn by: the author on the basis of the original concept presented i in the May, on 


‘Federal Inter-Agency River Basin Committee (United States Department of 7 ssi 
the Interior). | Usually it will be possible to obtain satisfactory estimates of a 
separable costs by computing the difference between the cost of a — 


—- # Special Acw, to Asst. Chief of Engrs. for Civ. Works, Corps of Engrs., U. 8. Des. of the Arm 
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= Uccasionally, however, may be necessary to take into account the tact that 
_ 5 the most logical project for all purposes, except the one for which separable costs i’ a - 


are being computed, is & project that is not a variation of the multiple-purpose 
a porter in question. - When this is the case, it is believed that a broader concept — 
ra _ ghould be followed and that the separable cost for any purpose should be com- 
: puted as the difference between the multiple-purpose project cost and the cost 
of the best available and most that will 


q ical of achieving the “desired results for all but one th purposes, an 
equitable sharing in the advantages of the multiple- purpose project will not be 
fully realized in the cost allocation, dais folie: Gilet 


E. JOHNSON, ‘5M. ASCE, anp Cuaruzs A. Cocxs'.—The prob- 
lems of distributing costs equitably among functions served by multiple-purpose - 
water projects are of considerable importance. As the development of water 
resources progresses, the multiple-purpose project becomes more important. 
Py. ‘Mr. Bennett has performed a necessary service in attempting to rationalize 
T4 the concepts appropriate for use in cost-allocation studies. The exchange of | 
ideas and theories and the improvement in basic concepts and their use will 
lead to more uniform and more appropriate solutions to the problems. ose: ae “a 
As stated in the paper, the separable coste-remaining benefits method of 
ina allocation is relatively new, and, as such, a precise understanding of its 
procedural details and basic concepts has not been fully achieved (as of 1957). 
‘Mr. Bennett has noted that the method depends on benefits and alternate ¢ costs, 
ond he has cited the meanings attached to single-purpose alternate costs, specific 


and separable costs, joint costs, and remaining project costs. In many respects : 


the separable costs-remaining benefits method is closely allied to the alternate 
justifiable expenditure method of cost allocation, which has been in use for some 
‘time and whose procedures and policies relative to its | use are s quite well estab-_ 


— A Thus, the : factors common to both methods have been understood and 


The only significant difference i in the two ) methods i is the use of f separable 
Bsr in lieu of specific costs. _ With regard to specific costs, Mr. Bennett states 
(under the heading, “Example of an Allocation : Specific Costs’’) : “The readily 
‘determinable costs of facilities that a are clearly for one purpose only should be 


‘allocated specifically to that purpose * author further states (under 


the heading, “Separable Costs’’) : “Separable costs include specific costs plus that 
“part of the joint costs traceable solely and clearly { to the inclusion of a single pur- q | 
pose 1 in the multiple-purpose project.” The 1950 report,’ in which the separable 
costs-remaining benefits method was states: “The separable cost for 
. _ each project purpose is the d difference between the cost of the multiple-purpose og 
project and the cost of the project with the | purpose ose omitted.” 7 
_ In explaining his concept of separable costs, Mr. Bennett states that (1) it - : 
7 an extension of the basic idea of the direct assignment of epetilio costs ; (2) 


Chief. Eng. Div., Missouri River Div., Corps of E pt. Omaha, Neb: 
Chief, Planning Section, Missouri Div., U.8. pt. of the Army, Omabs, Nebr. 
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separable costa Tacs difference between the cost of th multiple-purpose proj- 7 

ect and the cost of the same project with the purpose omitted ; (3) the remain- 
ing project need not be justified for cost-allocation purposes; (4) the remaining» 
4 project need not be the most economical source of providing multiple-purpose — 

a benefits to the remaining functions; : (5) although the alternative single-purpose (= 
costs bring a comparison of plans of different nature or location into the eS 
— allocation study, , the ‘remaining project should not do 80; (6) the remaining 

——- project should provide benefits to ea ch remaining purpose at least equal to or in 
excess of those obtained from the multiple-purpose project; and (7) separable 
costs include only costs of parts of the multiple-purpose project; which - 


7 : be omitted without interfering in any way with service to the remaining func- 


tions and without requiring any adjustments i in facilities to provide service to 


a Some of these restrictions on the process of determining separable costs ap- 
ee pear to negate, in part at least, the theory of separable costs indicated in - ; 
| ~~ -:1950 report . This report, after defining separable costs as quoted previously, — 


a ag “Separable costs include more than the direct or r specific costs of | physically 
identifiable facilities serving only one purpose, such as an irrigation distri- 
= bution system. They also include all added costs of increased size of struc- 
_ tures and changes in design for a particular purpose over that required - 
all other purposes, such as the cost of increased reservoir storage capacity. 
‘ In effect, separable costs are computed from a series of project cost esti- 
mates, each representing the multiple-purpose project with one purpose 
omitted. Such information will be readily available when the recommended — 
Bl ish practices of project formulation have been followed. Where project formula 
tion has not been of the detail suggested in the recommended procedure, it 
4 may be necessary to use specific costs in lieu of separable costs in those 
ses where re-estimating would be unduly burdensome.” : 
nak In describing the ‘application of procedures recommended i in project formu- | 


“The next step in river basin study should be pa analyze t the 


the various can should be evaluated and compared 
in terms of benefits and costs, measured with successively increasing degrees — 
of refinement, as required, to eliminate the obviously unjustified and least — 
oi favorable possibilities, until the optimum plan of developments isformulated.”” 
be ofa project under consideration must satisfy the criterion that it would be — = 
‘more economical than any other actual or potential available means, ae 
ee private, of accomplishing the specific purpose involved. A program, 
ok project or segment of a project should not be undertaken if it would pre- | 
at clude development of any other means of accomplishing the same results at _ 
Tess cost. This limitation applies to alternative possibilities which would be 
_ displaced or eonomically precluded from development if the project is un- __ 


dertaken. Other means of a similar benefits which would not vane aA 
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precluded from are limitations on project justification but 
are, in effect, additional projects which may be compared in an array to — 
_ determine which should be given prior consideration from the standpoint of — - 
economic desirability . The alternative possibilities to be considered in 
applying this limitation should include all practicable means of accomplish- __ 
ing the desired results which are within the purview of the agency making > 
the economic analysis. In theory, the broadest possible range of alternatives" 
fc: for any given objective should be considered but it isrecognized thatin prac- __ 
a - tice, the range of alternatives that can be considered at regional levels may 
a: _ be limited by the information available at such levels. Also, there may be 
alternative possibilities which are not known to an agency responsible for 
_ project analysis. Nevertheless, consideration of alternatives on the broad- 
est possible basis should be given at all levels of responsibility and necessary — 


= information for that purpose should be exchanged among the Federal agen- | 
involved and utilized at appropriate levels Project analysis and 


z determining th the costs of including a function. Itis believed that t! the e remaining 
_ ‘project, or projects, s should be formulated to serve the re remaining 1g functions by 


a would be prov ided | by the multiple-purpose ‘project and that such remaining 
nik or projects, should be economically justified. ‘The separable ¢ costs of a 


— the multiple-purpose project. In this way the true net increase in the cost a 
including a a function is Ifa remaining project omitting one function 
obs were allowed to p provide beneficial effects significantly in excess of the r multiple- 

. purpose project, it would be left to individual discretion to set the amount of 
such excess, which would preclude the derivation of comparable estimates. In 
order. to assure omparable estimates for remaining functions, the service 
dered by the remaining project should, therefore, be comparable to the service’ 
rendered by the multiple-purpose project. This might involve providing, in 


the eres project, facilities lesser ' scope and cost specifically for a — 


th the comparison of alternate locations for remaining projects | to 
“mine ‘the most economical means of providing 
Mr. Bennett has dese ribed a modification of the alternate justifiable iithed, 
which would slightly extend the concept of specific costs, rather than clarity a 
what separable costs should be under the > separable costs-remaining benefits _ 
method proposed in 1950. “Future clarification of the difference in 


— 
— 
— 
— 
appears evident that the separable costs-remaining benefits method, as 
It ap t that the sep t b ts met} 
outlined in the aforementioned report, depended on the full process of project 
— formulation, in which the engineer had the full responsibility of determining — - 
q 
eet and the remaining project with the function omitted, with the remaining 4 
— 
| 
— 
om a involved for that function to meet a specific need when the separable function : ‘ i 
is included. As stated in the 1950 report, during project formulation all pos- 4 
4 — | 
— 
= 


Newcoms B. Bennett, Jr.,’? M. ASCE.—The discussions of cost allocations _ 
* : emphasize the dependence of ont allocation on project formulation. The hypo- 

SE reyes example presented by Mr. Hotes in Table 3 is an improperly formu- A 
lated project because the total maximum allocations of $53,000,000 in item 2a 


of the -—7 are insufficient to cover the total project costs of $56, 000, 000 in 7 


“justifiable expenditure,’’ which is the maximum allocation assignable to a 
_ function. Mr. Hotes correctly concludes that in such a case one function should poy 
_ be removed from the project or the project redesigned, rather than that the costs © 


allocated to each should be reduced to an amount less | than: the benetits 


not limit or aa the basic principle that ‘the maximum allocation to onch 
purpose i is its benefits or alternative ‘single- -purpose cost, w hichev ver is less.’” 
= principle does not r require an adjustment of the final step i in the ieniiie - 
a ‘The economic justification of segments nts und purposes of projects or units 
should be determined and tested in the pro process of project formulation. — Cost 
allocation is not a device for testing the justifiability of segments or purposes; 
it is a method of distributing costs of a properly formulated and justifiable 
project and should not be initiated until the formulation and justification have 
During project formulation, segments of a project are tested i in terms oft the — 
relationship between : costs and incremental benefits for { the s segment 
_ under consideration. This process is not dependent on the relationship of the e 
taal allocation to a particular purpose in comparison to the total benefits of Re ~ 
purpose. When the formulation process is properly executed, Mr. Hotes’ 
_ Separable costs used in the cost-allocation process are derived under the as-— 


= that each purpose, in turn, is the last the project, whereas 


my 


“and the quantity of water for use. “Thus, in 
- formulation a whole purpose of the final project is seldom a single increment. ; 
Because of of this difference some of the necessary data for estimating separable a 
costs may be available in studies of plan formulation. However, additional 
estimates are needed, and the treatment of an entire purpose as a last in- 
crement may not be fully compatible with the actual size and order of increments 


_ Mr. Hotes observes that the mention of taxes foregone i in Table 1 is con- al 


"cluded i in the brief description of the The inclusion of 
-_ foregone, however, as Mr. Hotes correctly concludes, would yield approxi- 
7 _ mately the same allocation results. The more significant effect of the use of <i 
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jz 
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ae and Cocks propose that the project, or 

economically justified. _ Mr. Weber goes somewhat further and proposes that, 
= certain cases at least, the r remaining project should be the best available and the 

- most economical. In most cases, when a project has been properly formulated, 

the remaining project will be economically justified. — Iti is entirely conceivable, — 
however, that instances will arise when this is not the case, particularly in a 2 
project with one prime function and one or more incidental functions—for ex- : 

ample, recreation and and wildlife. As the writer indicated (under the 
heading, 

f remaining project might di sperse the project benefits to a point where sine 

costs would not be revealed and might well lead to illogical conclusions ; ;mever- 

heless, the matter should be explored. quo 

_ Basically the questions raised concern the concept of remaining costs, where- 

i as the writer believes emphasis should be on the concept of separable c costs. For 
the present, at least, it is believed that determination of remaining g costs heuid rq 
be considered essentially as a statistical ora mathematical device designed to 


‘The 1950 report is the “first word” rather than the “last word” ” on med 


take e advantage ¢ of some of the dinate experience obtained during the last five’ z 
‘years. It is hoped that the revision will result in sharper definitions and will 7 » 
> recognize the many subtle differences encountered in the actual analysis of a 


multiple-purpose water projects. Some of the unresolved problems are (a) 
—— of ~ relationship between the most economical and the most mh 


for cost allocation should be traceable solely wad vee to a single purpose; : : 
whether such costs should be confined to ‘multiple- purpose sites; (f) the i 
treatment of intangible and incidentalpurposes ; and the treatment of in- 
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Abie &g » a and those of parts of several purposes used in project formulation; (c) the need 3 c 
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PETE W. TERRELL,’ M. ASCE, AND WHITNEY M. 


2 


The: design o of stable channels in n erodible 1 material is complex and depends 
on the technical of open-channel hydraulics, sediment 


be integrated into the of a are listed examined herein 
_ The development. and present method of the design of canals are outlined. 
ee Factors causing a change in stream regimen are enumerated. Several 
: methods by which the proper size and shape of a channel ean b be computed are 
‘suggested, and one example is presented. Practical considerations and field 
__ experience in channel-stability problems are given. An outline of the basic a 
data needed for the adequate design of a channel i is presented Jie 
i Irrigation projects r require (1) the conveyance of water to land by « canals _ 
a - ‘and laterals and (2) the removal of the water not consumed by the irrigable a : 
areas by a constructed drainage system that frequently includes im nprovement — a 2s 


of natural drainage ways. Usually both ‘the irrigation and drainage water 


be conveye ed by channels in erodible material. Basinwide water-resource 
and transbasin diversion have changed the regimen 


Nora. —Published, essentially as printed hese: in February, 1956, in the of the Hydraulics Divi- 
sion, as Proceedings Paper 880. ositione and titles given are those in effect when the paper was approved 
for publieation i in Transactions. ‘ 
Asst. Chief, Canals Beach, Div. of ureau Reclamation, U. 8. of the 
Head, Sedimentation Section, Hydrology Reach, Div. Project Bureau of Reclama. 
i: tion, U. 8. Dept. of the Interior, Denver, Co 0. 
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_ the water in the design of the channel cross section and i in 1 the improvement of 
For canal design the presence of clay and fine silt in the water requires 
-no special consideration other than that taken for sediment-free water. An 
attempt i is made to maintain as as high a velocity as possible to prevent deposition 
and without causing scour. The presence of coarser sediments has not been 


considered the canals receive we water from ‘Storage re reservoirs or from 


_ Two important factors must be considered in the design of canals aa 
drains—water salvage and maintenance cost. In canals various types of 
vo inings are considered because excessive seepage not only wastes water but 7 
iS waterlogs the land, making it nonproductive. - The rectification of river chan- 
nels is necessary to decrease the water lost in transit from high water tables 
_ and nonbeneficial consumptive use of phreatophytes. Canal and channel de- ; 
~ should result in the smallest annual total cost and therefore must prevent 7 
conditions leading to progressive increase in maintenance cost. 
a Canals.—A brief outline will be presented of the background and develop-_ 
ment of the method used by the Bureau of Reclamation, United States De- a 
partment of the Interior (USBR), in arriving at a usable section for | a canal { 
4, _ prism. _ The limitations of the present USBR practice as well as an exposition a] 
of this practice are also given. The background data are essential because irri- G . 


gation systems in this country differ materially those in | other parts of 


the world. Until these basic differences are evaluated, it is not apparent why 7” 
rules, formulas, and equations that are acceptable elsewhere ve proved un- 
usable in the work of the USBR. ai ote ban 

It is possible to develop a in in erodible where the 

“6 capacity and silt load are constant. It is also possible to develop a channel a 
that will erode and refill during certain seasons so that at any t time during a a 
_-year the channel will be in the same state that it was at a ‘a corresponding time the 

_ previous year. However, neither of these conditions has a wide practical 

application, and it is this failure of theoretically perfect channels to function 

_ properly in practice that causes the difficulties of canal design. — goieainl 

It is necessary to recognize the field conditions making a highly theoretical - ea 
; _ approach impracticable, so that the engineer designing a canal section can 7 
_ properly evaluate the usefulness of a theoretically computed section. Some 


a of the major ponsiderations in channel that must be ascounted for i in 
1. The te terrain aiteaversed by a canal may extend for more than a hundred 
miles. In such | distances, soils vary widely. The major types, such as silts, . 


a sands; clays, broken rock, or solid rock, can be hyrnempana separately. However, 


apply from. section to ‘section, as is “displayed clearly 3 in loessal areas. 
_-—- 2. The soil in place may be stable against scour, but when worked = = 


- excavation it becomes easily erodible. _ This would indicate that the water 
_ prism should be in undisturbed earth. _ However, the increased cost of ~~ 
- a location i is enceendie not justifiable, and the alinement chosen i is dependent 
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CHANNELS 


‘of earth-moving equipment itself has. pe design. = 
built with is considerably different from 


also hold Leakage results in water loss that n may ruin 
_ land by waterlogging. Moreover, excessive losses require larger sections to — 
ide for r deliveries i in to | loss ; hence, is a Major Co considera- 
tion, 
to sesteah the membrane, and the cover must resist scour. The selection of 
the type of lining requires a study of costs among the various possibilities for 
ae. giv en section. . An adequate 1 theoretical: approach is valuable for this com- _ 
4 _ . Some scour can be tolerated in cut, but, where extensive reaches must be 
in fill, scour cannot be allowed. Hence, judgmient dictates the ‘‘safety factor” 
that is to be used against scour, pid 
be A knowledge of land use and development is also necessary. A new 
Project will result in years of relatively low demand and may never fully 
2 utilize the capacity provided. On the other hand, a developed project may 
require the extensive use of sections almost as soon as the new supply canal is ; 
“a constructed. | A new system can, therefore, safely carry @ higher s scour potential —_ 
_ if serving an undeveloped area than it can in serving a developed area because 
5 complete seasoning is possible before full use will be required. 
ae Irrigation n operations also in: influence designs. Is the canal to be in service 7 1 
"consistently, or will it be empty during winter months? Are e weed problems F - 
the primary maintenance item, or will blow sand tend to plug the section? 
iS Will the canal be checked up for side deliveries at low fi flows, or will the flow — 
seek its own level for various demands? — All these problems ‘influence the 
_ section and must be evaluated properly | to realize the minimum over-all * 
project cost o of construction, ‘operation, and maintenance. 
foregoing factors illustrate design problems which, if known— as is 
rarely the case—serve to alter the theoretically perfect section. The unknown . 2s 
factors” will be examined i in the analysis of a theoretical design approach, ath 
The design studies? made for a stable channel in the All-American. Canal 
initial ‘approach the problem of the design 


stable channels. 
clear water while he reservoir in “and then carry, 7 
considerable silt load. _ Furthermore, the canal traversed many miles of pom 
of widely vary vying soil conditions. After a study of the “available 
: material and data, it was decided to install clarifying devices to maintain a 
clear-water canal and to design accordingly, 
. _ The shearing forces on the sides and banks were evaluated, and the main 


BY 
a “canal was designed with a value of B/D of approximately 8 to 1 (B being 
§“Boulder Canyon Project Final Rep. orte, Pt. IV of ‘Design an Bulletin 1, General 
_ Features, Bureau of Reclamation, U. 8. Dept. ‘of ra Interior, Denver, Colo., 1941, p. 278 and p. 282. . 
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GANALS AND CHANNELS we 
width and D, depth) with 1. 75-to-1 (horizontal-to- vertical). side 
a " and a maximum velocity of 3.75 ft per sec. This section is still stable after - 
more than fifteen years of almost constant use. Naturally such a channel a 
~ gives rise to the q question of whether it could have been smaller and still be 
stable. obit shi vi, batebianeo od bons 
The results of past experience have been tabulated‘ showing the maximum — 
‘ and minimum hydraulic properties, depending on soil types. These data 
_ aaeve as a guide to.the designer in establishing proper canal sections. To 
_ guard against water loss or land waterlogging, linings of all types have been — 
used. With a few exceptions, these linings are resistant to scour and, hence, 
do not require study of erosion; however, these linings involve other problems. — 
_ The question of sediment transport in lined and in erodible channels ¥ will be 
q presented subsequently i in this paper. | Hard-surface linings a are very ; often used 
in noncohesive soils and, thus, limit the number of available « canals for the 
study of erosion criteria in these types of soils. hand 
Between 1948 1950, a program of investigation w was formulated and, 
under the direction of Emory W. Lane, M. ASCE, was put into effect. The 
basic approach was the extension of the tractive force principle. ‘The results 
of a great: many independent developments and equations were compared 
_ with each other and with the results of USBR canal sections; little correlation — 
between formulas, or between formulas and field conditions, was found. When 
the tabulated sections‘ were analyzed (using tractive force for pen 
better agreement seemed obtainable, although the variations indicated that — 
_furtherstudy was warranted. 


_ Tractive force is simply the pull of water on the wet perimeter. For an 


4 


2 infinitely wide channel, the tractive force, F;,on the bottomis 


in which F, is in » pounds | per | square foot, w is the weight of water in pounds 


per cubic foot, d is the depth in feet, and s is the slope of hy draulic gradient. 
a; A report* prepared by the USBR gives a full explanation of this analytical | 


— and the influences of sides of different slope and base widths. -Reports*: 


were also prepared developing the theoretically perfect shape and evaluating: 


of the reports® contains | charts’: from’ which various D)- 
side slopes can be evaluated for design use. Iti is necessary to 


_know the mechanical analysis of the soil being i inv vestigated. Studies ar are in : 7 
’ ‘progress to determine the effect of cohesion, which as yet cannot be accurately 


_ evaluated. This report computes the minimum section for a given soil and i is _ 


usable as a basis for design. _ Physical limitations of survey work and ex- 
Dil 


machinery prohibit ‘the: of the section 1 as” “computed. Also, 
7 


Manual, Design Supplement No. Bureau of Reclamation, U. 8. Dept. of the 
- Washington, D. C., Vol. 10, 1952, Chapter 1, Fig. 5. 


____§ “Progress Report on Results of Studies on Design of Stable Channels,” Hydr. Lab. Report No. 
of Reclamation, U. 8. Dept. of the Interior, Denver, Colo., June, 1952. hats 

__ _€“8table Channel Profiles,” Hydr. Lab. Report No. Hyd-825, Bureau of Reclamation, U. 8. 
the Interior, Denver, Colo., ‘September, 1951. 10 Jew 
— 1 “Critical Teghe Forces on Channel Side Slopes,” Hydr. Lab. Report No. Hyd-366, Bureau of 
_ Reclamation, U. 8. Dept. of the Interior, Denver, Colo., February, 1953. ; 
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of the theoretical minimum section is of to the designer. 
Another report? i is a ‘a theoretical evaluation of the maximum limit of tractive the 
om 
As the re) reports explain, the do not answer a 
7 _ The basic principle seems correct, but boundary layers and the turbulent =. 
certainly need further study anc and analysis to improve the basic equations. ie 
4 ‘The reports contain laboratory y and field research obtained prior to 1952. 


have been designed to certain phases. od, Lite, iis 
_ The current investigations cover three principal phases: (1) Application of 
rf. the tractive force analysis to channels in noncohesive soils, (2) development 
of Procedures and equipment to determine cohesive properties of the 


The application of the design procedure is being checked by using three » 
of a canal in almost identical soils consisting of fine -wind-blown sands 
and silts. One reach utilizes a tractive force of 0.033 lb per sq ft. Other | 
reaches have progressively higher forces of as much as 0. 075 Ib per sqft. The bis 
. higher values are expected to scour; : therefore, sections were selected where — 4 
scour could be controlled by checking. These ‘sections have not been een 
The effective value of cohesion is a troublesome problem. A natural 
“yf ‘tendency to reduce a section for economy induces an overdependence on cohe- Lo a 
. sion, which, in turn, probably results in high maintenance costs. py" reasonable — 
value i is obviously needed ; but to the | writers’ knowledge : a dependable method 2 
of evaluation has yet (1957 ) to be devised. _ The USBR’s approach is to - 
develop an apparatus similar to a vane borer to measure shear resistance, hehe 
this has many uncertainties. . Another approach i is to use a submerged con-_ 
trolled jet to give comparative values; the third is to obtain saturated - + 
: values from a loading machine or correlation with plasticity index. To date, 
cs - progress has been too limited to judge the efficiency of any of one se steps. 
‘Tt has been noticed that certain canals scour, whereas others under very — 
4 ‘similar conditions do not. These conditions are similar as to width, depth, 
side slopes, velocities, r reasonable freedom from sediment load, ‘mechanical rey 
analysis, and plasticity index of soils. Because these factors do not account 
_ for the dissimilarity of results, soil samples were taken for chemical examination. R F 
The examination n may show t that an io n exchange between | water and ‘soil be \ 
hydration of soil material provides ‘a binder in some localities. Should this 
_ prove a dependable condition, future evaluation of a proposed section should = 


include whatever advantage can be taken of such benefits. woatae 


r 
‘Tf all these steps prove fruitful, ‘many ‘factors will still remain to 
‘and considerable investigation will still be necessary before theoretical design — ae 
can accurately predict a stable channel. © However, even in its present stage a 
of development, the use of tractive force seems to provide a a ‘useful tool, and it Bes 
as accurate an approach as has been devised. 
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The USBR design consists of selecting. ana 
_ charts an approximate section, which is used in preliminary surveys. For this 
alinement, geological investigations are made. These investigations 
essentially a series of test holes and samples. The soil is classified and analyzed 
> for sizes of particle and for plasticity. "Shear tests are made for use in deter- — o. 
With these data, the designer would investigate the section proposed by ap- 7 
_ plying the tractive force analysis to determine probable stability by reaches and : 
to determine the minimum section that appears usable. Up to this point, the — 
oa analysis is theoretical. This proposed section must then be evaluated for the 
* sidered in relation to (1) the cost of original constrestion, (2) the rights of 
_ way, (3) the risks involved should some scour occur, (4) the desirability of a — 
scouring velocity to move wind-blown sand in small sections, (5) the section — 
- changes, (6) the structure costs, and (7) the advisability of lining. All these — 
factors will, to a varying degree in different projects and areas, influence the | 
In short, even with an improved theoretical analysis for the design of a Ve 
stable section, practical considerations, economic conditions, bank stability, 
and operation and maintenance practices all combine so that, at best, the 
analysis i is a guide. It will not, in the foreseeable future, , supplant experience _ 
and sound engineering inthe design of canals. 


CHANNEL ‘TRANSPORTING A SEDIMENT 


othe design and rectification by the USBR of channels carrying sediment- 
. laden water is a major problem. Natural streams can be divided into two 
main classes, “perennial” and 1 “ephemeral. of fod af 
a Perennial Streams.- —A perennial stream is one in which continuous flow i is 
‘maintained for long periods of time even though it is dry for some periods. — 
In contrast, an ephemeral stream is one in which flow is directly related - 4 
‘ storm runoff and does not flow for periods greater than twenty-four hours. M 
_ The stability of sediment-carrying perennial streams may be upset by: = 
7 (1) Decreasing the flow, Q) increasing the flow, (3) increasing the sediment 
load, (4) decreasing the sediment load, or (5) regulating the flow. These 
changes have been found to oceur under the following conditions: es aligns 7 


areas. Because these flows are e historically mixed with highly 
water from hi high sediment-producing parts of the drainage, 4 serious problem 
results when they are diverted . What actually 0 occurs is an annual discal 
flushing as a part of of the channel regimen. Many of the ‘streams draining the the 
4 Rocky Mountains present this problem—for example, | the South Platte River, 73 


the Arkansas” River, an and the Rio Grande River. 
Increase in Flow.—Diversion of water to a stream from 
basin may often increase the flow by volume greater than the original flow. 


— of the transmountain diversion schemes } present | this Problem. — Also, 
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veyam ance releases back to the main flow from an 
will often accrue to a small channel draining the 
Increase in Sediment Load.—Changes in agricultural practices and land 
use have been one of the largest factors encountered in increasing the sediment 7 
- load of a stream. _ The sediment load of a stream may be increased by adding» a 
highly se sediment-laden waste water from an irrigable area. 
“4 ” Decrease in Sediment Load. —The sediment load of a stream is decreased : 
a? by! storage reservoirs in a stream system. Clearwater releases from a reservoir — 
that stores highly sediment-laden water often develop a degradation 
_- Regulation of Flow.—A storage reservoir, , partionlarly for flood control, 
may materially change the flow pattern or the flow-duration relationships. 
may change the discharge that has been most influential in establishing 
ye the stream regimen. For example, floods that originally were conveyed by _ 
large overbank areas May, after storage, be released at bankfull capacity for 
3 considerable period of time. The stream regimen may n “not have en 
established by long periods of bankfull flow. = 
_ Ephemeral s Streams. —The > stability of an ephemeral-type stream presents — 
one of the most acute e channel problems. facing the USBR. | The problem 
appears to be different from that of perennial stream een and is also = 
‘more sensitive. . This may be due, in part, to the | more divergent changes — 
that upset the stability. The factors that upset the stability of 
channels are much the same as for perennial streams, but the channel reactions _ 
= to be different and, for thas 1 reason, are > mentioned separately - They — 
are 
ment load, or (4) decreasing ‘the sediment load. 
___ Increasing the Flow. —Project development is often responsible for an 
increase in flow of an ephemeral channel and “may change the flow from 
; = to perennial. Ephemeral channels may be used as carriers of = 
7 a: transbasin diversions for the conveyance of water to and from off-channel 
storage reservoirs, and as canals i in project systems. The flow in 


from ‘their natural courses to protect areas, canals, or struciures. 
Irrigation wastes are often dumped into ephemeral channels to be conveyed 


Regulation of Flow.—The flow pattern of an ‘ephemeral channel can 1 be 
o changed s so that it will affect the s stability of the channel. | Storm: detention i in 


_ either main-stem dams or in several tributary dams may change the flow aa 
pattern to the extent that flows may appear in the channel for several days, a 


1% 
whereas under natural conditions the flow was a rush of water. — Also, water 


that under natural conditions appeared as overbank flow may be confined | 
to the channel and, in many | cases, at near channel capacity. Tomas 

C ag measures on the drainage area, such as contour farming, contour terracing, 
> and changes in land use and cropping pattern, may be effective in changing 


Increase in Sediment Load —Such an increase can occur both from 
channel failures and from production in the drainage area. __ Increases i in load b 


— 
ff 
§ 
4 
= 
a 4 
— 
t 
— 
— 
— 
q 
— 


CANALS AND (CHANNELS 


land, and developing irrigation areas. from irrigable land 
Decrease in Sediment Load —When the load a stream is 
decreased, there is less transport capacity required of the stream to move the | 
sediment. The difference in the load may be made up in part from the bed 

and if the proper material is available from this source. A decrease 
can occur due to storage in detention dams and due to drainage-area conser- 


The USBR has the problem of designing ‘artificial channels to convey 
water with sediment loads. _ These channels are generally not associated with 7 
irrigation distribution sysi stems, but are channels that convey diverted stream a 


the salvage of wane in the delta area above Elephant Butte Reservoir (New 
Mexico). Heavy loads of sediment usually cannot be prevented from entering _ 
project drains when storm flows are carried. These drains may be either 


perennial or ephemeral. ‘The design of a channel to carry sediment loads 


_ requires that certain basic data be available. _ The data desired are: a 
tnd 1 -A flow-duration curve of the flows the channel must carry ; 


wiley y for a given. discharge that the channel ‘must carry; 
the 3. Size-distribution curves showing the average texture of the sediments 
at various instantaneous discharges throughout the ‘Tange of the sediment-_ 
ees Representative bed-material, size-distribution curves above the — 


The slope of the channel above the Potential diversion point; 


The slope of the proposed channel and the limitations o on variation ; 
8. The type and vigor of the existing n native vegetation in the area the ’ 

9, An outline of any limiting conditions on the channel design and future E ae 


_A method that has been used by the USBR in developing a channel design ; 

‘is the t transport method. 8 Essentially, it is a “cut-and-dried approach, "with — 
transport computations being 1 made until the point i is determined at which the — 

- transport capability of the e channel matches that required by the ‘sediment — 
load the channel must carry. Only” ‘the sediments coarser than 0.0625 
mm are considered in this type of analysis. - Such a computation was per- 
Beer d for the | ‘conveyance channel above Elephant Butte Reservoir - using 


-___ § “Conveyance Channel Wideni: Study—Middle Rio Sante Project,” by J. M. Lara and C. R. 
_ Miller, Bureau of Reclamation, U. 8. Dept. of the Interior, Denver, Colo., September, 1951. . 
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was that ‘of the valley, and very little v variation from the. natural slope was” 
: practical. _ The bed material of the channel from which the water was diverted ; 
assumed t to be the same as that which could be e expected i in 1 the 
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—Unir Sepiment TRANSPORT FoR VARIOUS PARTICLE ‘Sizes 


expected: | The results were on and transport curves 
; : were drawn for each size fraction (Fig. 1). Using the bed-load function __ 
developed by Einstein (Fig. 2), discharge-hydraulic radii relationships were — 


a *“Bed-Load Function for Sediment Transportation in Open Channel Flows,” by Hans A. ae 
Technical Bulletin No. U. 8. Dept. of Washington, D. September, 


—— 


a 
— 
— 
— 
| 
per foot of width was \ 
x — 
— 
— 


for channels of various widths. were expressed 
ay by curves (Fig. 3). Table 1 was then arranged to represent, essentially, a 
mechanical integration of the flow-duration curve for the flows the channel — 
will be expected to take. _ It may be noted that some of the coarser fractions — 
i@ do not show adequate transport. The total sand transport was used rather 4 
than the individual fractions because of the necessary assumptions and the = 
limitations of the formula to compute accurately the transport c of the inc indi- 
vidual size fractions. — Using the curves described, the sediment load was com- Yd 
puted for various widths of channel. The sediment load computed for the 
various widths — plotted against the channel width (Fig. 4). The The — 


__ Hydraulic radius with respect to the bed (R;), in feet oo 
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Mean velocity (2), in feet per second 
Shear intensity on representative particle (y’), in pounds per square a 
2.—EINsTEIN CHANNEL CHARACTERISTICS FOR CONVEYANCE CHANNEL 


the points well defined a straight line. From this relationship, 
the width at which the expected average sand-sediment | load would be trans-— 
el However, the width senna was not the width constructed because of 7 
_ the limitations of the earth-moving equipment. A narrower channel was con- — 
structed, which is being allowed to erode representative curve of widening 
a rate was determined using the transport curves. _ The curve of “widening rate. “i 
appears to approach asymptotically the optimum width computed. Thewidth 


to which the channel is expected to erode is where the widening Tate curve 
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Discharge, in cubic feet per second — 


a 


= 


ft=0.143 mm 
Kg=0.000738 ft= 0.225 mm 


ye ‘Hydraulic radius, in feet 


Fra. 3. AnD Hypravuic Raprus ror ConvEYANCE ep 


D 35 =0.000469 ft=0.143 mm 
K 3=0.000738 ft=0.225 mm 


= 


Point at theoretical | 
channel stability 


ya is 


100 
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Sand infiow=290tonsperdy | SJ] | (ass 
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TABLE 1 1.—TRaNnerort Loap FOR CONVEYANCE 
(RECTANGULAR CHANNEL, 


Ib/sec/ft |tons/day/ft 


0.00019 
0.001231 | 0.01400 


40.824000 


22.498785 | 79.702751 5.014201 


| 


8978.76] 


a na cosursed 18% of the time; therefore, total is 82%. 4 Sand inflow determined by another study ‘4 
t, 0.000578 ft, and 0.001160 ft scouring may theoretically occur; for the three remaining size ranges, deposition 


breaks and starts to approach a straight line. It was thought that the nar- _ 


Tower width chosen would | become stable because 7 bank-restraint barriers — 
This approach can be used together with several of the other acceptable — 
functions, but it has three weaknesses" that preclude the 
-s results from being exact computations. x The bed-material size is a significant — 
<9 _ component | of the computation, and this variable is assumed throughout, — 
The width of compatible transport may | "still have an erosive force that will | 
produce bank failure, and therefore, stability is not assured. The experience | i 
of the USBR shows that existing transport functions and formulas have not 
been dev eloped to a point of exact dete determination o of sediment movement. ais 
Another method that has” been used by the USBR was 1s developed by 4 
“Thomas Maddock, Jr., M. ASCE, and Luna B. Leopold, A. M. ASCE.” The 
: formula used by the USBR i is not that of Maddock and Leopold but rather 
is a result of of subsequent work, However, although the f formula may 
represent ‘the latest (1957) thinking by Maddock and Leopold, the formula 
adapted showed a a significant enough cr correlation coefficient with 
field conditions to warrant consideration | for practical application . Their — 


“The Hydraulic Geometry of Stream Channels and Some Physiographic Im by Thomas 
Maddock, Jr. an. Luna B. Leopold, Professional Paper 252, Geological Survey, vicky 


7 Qe, in Flow Channel in 11 
per | ‘tomy | | |— 
415 | 10 0.004 | 0.01728 | 0.013500 | 0.058320 | 0.04500 | 0.194400 | 9 
0.280 | 1.20960 | 0.395000 | 1.706400 0.11600 0.501100 | 
1.630 | 7.04160 | 1.190000 | 5.140800 | 0.17900 | 0.773300 
10 2.510 | 10.84320 | 2.100000 | 9.072000 | 0.21900 | 0.946100 | 9 
1,080 | 22.90000 | 5.300000 | 22.900000 0.29100 1.260000 
13.500 | 4082400 | 13.500000 | | 0.42000 | 1.270000 __ 
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hos 
0.000310 


| 0.001430 
0.005700 | 0.017000 | 0.002320 


0.019560 | 0.078327 0.006105 | 0.027163 | 47.130190 | 168.046182 


using hydraulic characteristics under natural conditions. *¢ Difference indicates that for particle sizes of 0.00290 


i in which w the width of the water in feet; d, the mean water 


the eediment concentration in parts | per weight ; Va, the mean = 


by letting the mean depth equal the the hydraulic radius and the area equal the — 
"eal The term “dominant. discharge” has. been used by many authors and has 
7 : been defined several ways. It has been recognized by students aa ° 
morphology. that a natural stream channel does not maintain a constant 7 7 


unwavering condition: stability. At one discharge the ¢ 
boa igre 


degrading ; at another discharge the channel ‘may be aggrading; : at a third it 


— 

Pr 
=~ = 
— 
bes, 
— 
— 
a 900120. 0.005184 | 0.001339 | 0.000032 | 0.000138 | 0.001732} 0.007482) 0.374 
(0.00405 | 0.017496 | 0.000680 | 0.002938 | 0.000103 | 0.000445 | 0.019118 | 0.090590) 4530 
0.00610 | 0.026350 | 0.000960 | 0.004150 | 0.000180 | 0.000780 | 0.069740 0.301280) 15.064 
0 0.043200 | 0.001700 | 0.007300 | 0.000400 | 0.001700 0.803100 | 3.469300] 173.465 
0 0.01410 | 0.060910 | 0.002680 | 0.011600 | 0.000710 | 0.003100. | 3.016490 | 13.031310] 651.565 
0 =| 0.01600 | 0.089120 | 0.003230 | 0.014000 | 0.000030 | 0.004000 | 4.849160 | 20.948420] 1,047220 . 
0.02010 | 0.086800 | 0.010000 | 10.916830 | 47.176800 2,359.000 
0.02600 | 0.079000 | 0.007000 | 27.454020 | 83.021000| 4,151.050 

0.09755 | 0.388060 | 8,402.268 
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be and at a fourth it may | be fact all these 
conditions may act in a stream simultaneously ‘and within separate reaches. 
However, the over-all effect i is not one of continued aggradation , degradation, — 


wae 


_ USBR usage it has been defined quantitatively as the discharge that will” Gi 
carry the greatest: sediment load ‘coarser than 0.0625 mm, respect to 
time. Generally. the dominant discharge i is slightly greater | than the median 
discharge. The procedure of Maddock and Leopold, ye 
foregoing, has three weaknesses that prevent the results from being conclusive. _ 
The empirical correlation developed from data ‘obtained mostly from 
; natural streams whose ‘shapes were developed through long periods of time. it 4 


barriers, such as cobbles, rock, ‘vegetation; ‘and highly plastic 

esis” needed to attain the width may be beyond economic consideration. oo 
Another weakness may be seen by examination of the formula. If the (C, V,)- 

ier ‘approaches the condition of clear water, the (w/d)-ratio becomes larger a 


than ° would be Feasonably expected. Also, the rugosity coefficient, n, of the 
design ¢ channel, as affected by v variable sediment movement, cannot be ace 

hae — Another empirical approach" used was developed by Thomas Blench, M. = 


ASCE, as with other approaches, requires considerable judgment ‘ead 


4 


tractive force principle, presented in 1 the section on ““Canals,’ does” 
ont consider the influence of sediment loads, particularly heavy loads of coarse — 
material. 4 However, it , does give a factor for bank resistance in noncohesive 
- materials. Also, the report® does not give a good definition of allowable “4 
tractive forces for cohesive materials, the influence of vegetation, or the 
‘ephemeral flow condition. Field investigation has been made of approximately 
seventy artificial and natural channels with varying conditions of cohesiveness, — 
_ vegetative growth, and for both perennial and ephemeral flow. Most of the . 
y years of service or more and were selected because they F: 
_ were effectively stable, although some erosion may occur at times. Rough a4 
working curves have been developed and are now being checked with field 


Observations of —In working with channel-stability p: problems, 


several observations of channel phenomena have influenced the approach to 


"transport capability, yet serious bank erosion will occur, 


‘Thee are conditions in which the sediment of a the 


often a -Tequirement for stability. High tractive forces in one reach 1 may 7 
erode bed and bank material that will deposit in reaches of low tractive forces, % 
and aggradation will result. Constrictions, such as natural, narrow rock — 


a 2. Continuity of tractive force and smooth hydraulic transition are very 


a i “‘Hydraulics of Sediment-Bearing Canals and Rivers," by Thomas Blench, Evans Industries Ltd., 
_ Vancouver, British Columbia, Canada, 1951, p. 111. 
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ane controls and inadequate bridge openings, may cause backwater and eddy 
conditions that produce aggradation : areas above and scour areas below 
- The upstream area can often be more serious when coarse materials deposited — 
ae flood stage force the lower flows to vulnerable bank areas. Same a 
4 3. The allowable tractive forces for ephemeral streams in cohesive soils are - 
higher than perennial streams in the same soil. Erosion can usually be. 
: expected, particularly at the historical flood | magnitudes, even when only small ‘i 


quantities of continuous flow are added. Bes pay che: 
<5 4. When large volumes of low flow water are added to , meandering streams 
“sufficient to create heavy bend erosion, the pattern of meander movement is -- s, 

upset. Ww hen floods are no greater t than in the past, the — on the — 
_ inside of bends is not as fast as the accelerated bend erosion. ui The end result 
_ is a loss of the meander belt, increased slopes, increased scour ability, : and gen- 
aa 5. Vegetation is effective in increasing the allowable tractive force on both — : 
the bed and the banks. However, vegetation will not grow in the pecnisliy — 
_ inundated parts of the channel unless velocities are exceedingly low. — caately 
6. Sediments will not follow the 1 water into the underlying ; gravels « of an a 
“janes stream. Influent streams that carry large amounts of sediment are nm 
at 7. Sediments finer than 0.031 mm generally do not seriously affect ¢ channel :. 
te: problems except for side berming action in areas of heavy grass _ 


The approach to channel-stability requires the application of. all 
=, 


that is known about river hydraulics and sediment transport. The USBR’s | 
oy approach has been a combination of the approaches herein described. For ex- 7 
ample, the procedures of Maddock and Leopold and of Blench will avd a width < 
h. at the dominant discharge. This width is then checked to see if the sediment 7 
will be transported. If 80, the bank tractive forces are checked. — If the bank © 
“tractive forces are too high for the bank material to resist, additional barriers dc 
uch as riprap, vegetation, and revetments are needed. If the bank and bed em 7 
. show considerably more allowable tractive force, the channel will aa 
main stable at a narrower width, as dictated by the allowable tractive force of “a 2. 
_ the bank and bed. Transport will almost always be greater than required with al 
‘ the narrower widths. 7 At the same time, one must always check the seven 
special conditions mentioned. is expected that, “with experience, ‘more of 
these special conditions will be added to the list. 
sy ‘The problem of stable channels is complex. — _ The type of engineering» 7 
with this problem does not itself to precise and depends 


believe that ‘with: these should continue to strive co- 


operatively to develop core that assure simpler and more conclusive — 
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jo Wirs Discussion sy Messrs. STONE; AND T. 


ete inemibee tu etan AND Rosert G. 


a Interest in in waste water reclamation | by surface spreading has dictated a 


q need for study « of the mechanism of infiltration, the | phenomena that ated y 


the rates of w water percolation, and the interaction of porous 1 media and le- 
at. graded waters. Soil lysimeters are shown to be well suited for the investiga- 


tion 0 of many important aspects | of the reclamation problem a and to offer a 
ta convenient, economical r means of predicting full- scale field spreading | perform-_ 


ance. The behavior | of five typical pervious” agricultu ural soils under water 

and sewage spreading conditions are evaluated, and a comparison is wade, 4 4 
between field and lysimeter performance for two of these soils. _ egret vitae ed 


ae: Concern over water shortages i in many western areas, notebly the Central 


Valley and the southern coastal plains i in California, has directed considerable — 
attention toward techniques fo for the reclamation of all types of waste waters. ‘ a 


4 
Recharge. of “underground supplies by surface spreading and infiltration 


4 surface: runoff to salt water. For or example, proposals for the ‘ reuse” 
of surface-water and -ground- water reservoirs have embodied the use of in 


q 


a ‘ Nore. —Published, ‘excentially as printed here, in n June, 1956, in n the Journal of the Sanitary Engi- a 
- neering Division, as Proceedings ‘aper 1002. Positions and titles given are those in effect when the paper 

or discussion was approved for publication in Transactions. ss” 
1 Asst. Prof. of Civ. Eng., Univ. of California, Berkeley, Calif. aS a 


Prof. of Civ. Eng., North Dakota State College, Fargo, N. Dak. 
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filtration basins as an integral part of the 
in rrigation | water has been introduced into ground-water storage by surface 
spreading,** and several experiments,” some on full scale, have been con- 
¥ = with the reclamation of domestic sewage by this procedure. 
One of the most complete field studies® of sewage spreading was conducted 
over & period of twenty-eight months (1950 to 1952) near Lodi, Calif. In 


contrast to many prior experiments with sewage reclamation by sponding) Es 


7? this investigation incorporated extensive physical, chemical, and bacteriological = 
analyses in an attempt to determine some of the fundamental phenomena “le ; 
aa to the problem. _ Although only a single soil, Hanford fine sandy 


loam, was studied, the. experiments revealed that the rate of infiltration was *~ 


: “thee, (3) the period of resting between iailleniionm and (4) the quality of the 4 
effluent applied. It was also concluded that al bacteriologically safe water 
could be produced “from primary settled sewage after percolation through ‘4 
only 4 ft of Hanford soil. Infiltration rates were generally less than 0.3cuftper __ 
sq ft per day (or feet per day), except during a short period immediately — 7% 
following the beginning of spreading. When the basin was drained, dried, be 
aa and rested for several weeks, infiltration rates substantially imyroved — 


when the spreading was resumed. 
Information has been obtained by L. Schiff A. ASCE, and E. 
Bliss, C. E. Johnson, and Schiff* for water spreading on two agricultural a 


4 soils, Hesperia and Exeter loams near Bakersfield, , Calif. Usi ng waste irriga- _— vy, 
tion waters reported sustained infiltration rates ranging irom 1 ft per day 


as cotton gin trs anc 
te infiltration. Pond arrangement and were also. noted to influ-— 


Detailed such ¢ as those described can provide much in the way of a 
{> understanding of soil-waste water relationships. However, owing 
to the extreme ‘diversity in soil and w aste water characteristics, it may 


a iy difficult to extend information obtained in such experiments to new situations. 


of modest engineering studies. _ Consequently, a less method is needed 


Also, such investigations are costly and not easily justifiable as a component — a 


“Report on Cooperative Water Study with Emp hasis on Laborator Phases,” by L. Schiff, E.8. = © 

and C. E. Johnson, Provisional Report, 8. Dept. of Agriculture, Washington, D. C., 1950. 
“Some Development in Water L. Schiff, ibid., 1953. 

7 “Reclamation of Treated Sewage,” by R. F. Goudey, Journal, A.W.W.A., Vol. 23, 1931, pp, 230-240. 

8 “Repo rt Upon the Reclamation of Water from and Industrial Wastes in Los An; 


slifornia” by C. E. Arnold, H. E. Hedger, and A M wn, County Sanitation Dist. o Los Angeles 
aS “Reclamation of Sewage Waters by Spreading,” Publication No. 6, State Water Pollution Control 
Explorator on the of Surface Hand on Infiltration Rates Under Water 
Conditions," by L. Sehi Report, 5.C. 8., U. 8 Dept. hal a Washington, D 1953. 
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for generalizing the findings of such studies and to provide data on which to 
‘base engineering decisions for the design of spreading installations. 
In planning the studies that are reported (in part) herein, it was postu-— 
that the behavior nil Hanford loam under field conditions at Lodi 


correlated with the of the same materials in pilot-scale lysimeters. 
a . a a dependable correlation could be obtained, it might then be possible to use 7 


ing conditions with an reasonable degree « of The cost of 
a 


construction and operation, nominal in contrast to field test installations, — 
_ would not be so burdensome that the widest choice of possible solutions fo fora 
reclamation p problem ‘could not be considered. wit ( (1) no 
entire investigation included detailed consideration of =) 


effect of er phenomena on the rates of infiltration. Other aspects of 
the reclamation problem, particularly the fate of bacteria during yom 
through porous media in underground waters, are still being studied. ‘haiwolle) 
_ Installation.- —Twenty lysimeters, each 5 ft deep at and 3 ft in diameter, — 
_ constructed from galvanized, corrugated iron pipe sections welded to a steel 
base plate, were utilized for holding the soils under investigation. Graded- . 

- gravel ‘underdrains and collection manifolds were e provided for each unit, the — 

_ percolant being collected in a reservoir where accumulated discharge could be ; 
. determined | by hook gage observations. The discharge pipe from the collection 
" manifold was constructed in such a way that the point of discharge \ was at the a 
same elevation as the grovel-aoil interface i in the lysimeter, thus producing a 


= 


—— 


‘Specially “devices designed to measure tension (or in 
the liquid phase of partly saturated soil columns were installed in five of the ‘- 
-lysimeters. These tensiometers consisted of a glass manometer leg 


inside diameter), attached by ‘a flexible tube to ‘a porous’ filter cylinder 
tip. Various types of tips were investigated, including glass tubing packed 
with glass wool or plaster of f Paris, but a 10-mm-by-55-mm, porosity N No. 2 


“ In order to make the s soil a as nearly homogeneous as s possible, , large extraneous — 

particles and debris were removed by screening through a mesh wire 

5 _ with 1/8-in openings prior to placing. The soil was placed in the lysimeter — 

unit in a random Manner without artificial compact tion. F Zach soil was sill 

to consolidate under its own weight. ‘During: the course of placing the soils in. ag 
. _ the lysimeters, samples were taken and composited for use in obtaining physical 


and chemical analyses. The construction details of 8 a _ typical lysimeter 


obtained from head of the East Municipel J 


filter cylinder was found to be the most satisfactory for the of q 


Fresh Water and Sewage Supply.—Fresh water in the was q 
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District, California. The of ‘the water are in 


Sewage used in the investigations was pumped directly from a 


sewer serving a typical residential-commercial area Richmond, Calif. No 
; - significant amount of industrial waste was present. Primary treatment was 
by "settling and skimming in a 7 ,000-gal circular ‘clarifier with 


theoretical detention time of 2 hr and g:custees loading | of 900 gal per sq ft per | 
= day. treatment was ‘Provided as needed by additional sedi- 


TENSIOMETER TIPS 


gan 


“Typical composition f 


sewage and water were to the lysimeters a 
, system connected directly to the source of supply, and | the rate of eines 
‘9 was regulated by adjustable float valves and by overflow pipes. a: ai 


~ Soil Characteristics.—The soils used in the investigation were selected a as 


being typically Tepresenitative of California : agricultural from areas in which 


i: the five types chosen, three—Columbia, Hesperia, and d Yolo— 
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with permeable subsoils and deep permeable substrata. None contained * 


0.29 


soluble salts in execin of 0. 17%, and all exhibited a na reaction (PH ee 


The variability in both the physical and chemical 


; oe ‘of naturally occurring soils is illustrated by the five materials considered a 
this investigation. Particle grading and size di distribution are shown 
and a of the soil characteristics is presented i in Table 3. bs 


BLE 2 oF SETTLED SewaGe Ar APPLIED TO 


= 

Total nitrogen 


age Water Spreading. —In order to have a basis s for determining the effect of the s 
st constituents of sewage on the infiltration of. sewage effluents into soils, it was ee 


an loams. Hanford soil. the same as that studied at Lodi | 
— 
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— i hat control infiltration rates. 


cm 
= of of water into undisturbed soil into 
core samples, J. E. Christiansen and O. C. persia observed the frequent a 


Magistrad declined rapidly i in the the outset of 
until ¢ minimum was reached. _ rose again to a » maximum, which in 
ubsequently 
- declined until such time + as an equilibrium | rate | was established or the soil 
; became completely sealed. The initial, rapid decrease in rate was attributed 
— to structural changes in the soil due in part to swelling and dispersion of fdry 
- soil upon wetting, and in part to dispersion of clay particles by ion exchange a 
between the soil and the percolating liquid. The second phase, an increase iA 
in rate, was apparently a function of of solution Of gases within 


SANDY LOAM 
UMBIA SANDY LOAM - 

HANFORD FINE SANDY LOAM O—-—o 
MESPERIA SANDY LOAM 
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Size DisTRIBUTION 
structure into the percolating liquid. Finally, ‘percol lation rates 
- diminished under the continued action of bacteria in producing ‘ “polysac- 
be charides, ” which clogged the soil voids. E. Allison" subsequently demon- 


‘strated that the gradual decline of the time-rate curve during the third phase, oe 


as observed by Christiansen and Magistrad, was nonexistent in sterile soil 
columns, thus supporting their theory of microbial clogging. Actually, it 
A appears reasonable that each of the effects noted is operative to some extent 
= throughout the entire period of spreading, and the characteristic curve <i 
from a cumbination of all effects. ab toy 10 fia 
r The soils used in the studies reported herein also exhibited the characteristic 
ee curve, as may be seen from Fig. 3 through Fig. 7, although in a few 
instances the first phase was almost nonexistent. Oakley sand, the 
— of the soils, showed practically no initial decrease in infiltration, — 


and in Yolo soil the initial drop in rate was confined to the first few days of 


Allison, Soil Science, Vol. 1947, pp. 439-450. 3 i re 
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infiltration for the first 30 vidi the rate dropping from ‘auivalauatne 1.75 ish 
Before sewage spreading was begun, water application was continued until 
sei soil was well established »n the third phase of the time-rate curve. The. 
time required to reach the equilibrium condition, however, varied considerably 
among the different soils. For example, Yolo sandy loam required only from — 
12 days to 15 days of water spreading preliminary to sewage application, whereas _ 
va _ Columbia sandy loam received water for more than 70 days before infiltration — 
“rates were clearly established i in the final phase of the typical curve. =” 


TABLE 3.—Puysican AND CHEMICAL OF 


— 
Characteristics 


Soil allightly acid | 


Silt (0.002 mm to 0.05 mm) 
Very fine sand (0.05 mm to 0.1 
7 _ Fine sand (0.1 mm to 0.2 mm). 
_ Medium sand (0.2 mm to 0.5 mm) 
Coarse sand (>0.5 mm) 


Modal size, in millimeters. 
Effective size,* in millimeters. . 
ad coefficient?. . . 


“Monovalent ¢ cations, 
milliequivalents per 100g 


Exchange 


granitic 
luvium | alluvium 
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; ve 
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«Eff i re size in mm. 


a i © comparison of water spreading performance for the five soils during the 
- first 30 days reveals Oakley sand to be the most permeable, at 40.3 ft per day, is 
followed by Yolo, ‘Hanford, and Hesperia with rates of 12.9, 2.53, and 2.37, 4 
‘ respectively. Columbia soil, which had the widest distribution of particle — 
_ sizes, passed ouly an average of 0.57 ft ‘Per day. A summary ¢ of f water spreading 
the five soils is given in Table whe add trom: shiv, oft 
wa Sewage Spreading.—After the third phase of the typical time-rate curve had _ 
: _ been established in each of the soils, fifteen of the units (three of each soil type) 
oe a. were inundated with primary sewage effluent for periods of up to 150 days. 
v _ One unit of each soil continued to receive fresh water and served as a control for 
three columns receiving sewage. All units were subject to the same eur- 


— 
— 

alluvium | alluvium — 
neutral neutral | neutral | neutral 

a 90% less than sise, in 
10% lees than sise.in mm 
a 


Infiltration samples. of influent end effluent 
were regularly analyzed by the standard” chemical, biological, and physical — . 

, on considered important to the interpretation o of ly simeter performance. 
Immediately | following the application of sewage to the lysimeters, several 

significant differences in the performance of the various soil types were noted ,* 

es i} (Fig. 3 through Fig. 7). As shown i in Fig. 8, the infiltration rate on Unit 20 bei 


Oakley sand dropped from approximately 26 ft per the outset of 


such a a change i in rate was s typical also of Yolo s: sandy loam, but the “ep se was 7 
not so pronounced. Unit 11 of this soil showed a decrease in infiltration rate | 
a from 9 ft per day to 0.72 ft per day in 48 hr and to approximately 0.3 ft per 


the three soils to be little affected 


hae me 


. Infiltration rate, in feet per day 


_ After removal of entrapped air § 


4 


403 | 


Total water introduced into 
7 during first month, in feet.. 


soil 15 hr 20 at t= 4.25 at Ghr/4.6 at ¢= 5hr)0.70.at 


- being nearly ‘uniform whether the soil was spread with water o or with s sewage. 

7 For example, infiltration rates on Columbia Unit No. 18 ranged from 0.7 ft 

per day at the outset of spreading t to 0.52 ft per day at the end of 14 days. 

; After one month of sewage spreading, howeve er, the infiltration rates for each — 
of the fine soils began to decrease at a rate slightly greater than that of the — 
corresponding water controls. All three fine soils were filtering sew at the 

q rate of sapipsinainly 0.2 ft per day at the end of 10 weeks. 2 Cosneapeiai 


surface of the media was it was believed that the ultimate rates 
for each of these soils (both very permeable to water) would remain at a 
fairly high level even after sewage application. Such was not the case, and it 
a been subsequently noted that this behavior of Oakley soil under certain 7 


— 
‘Standard Methods for the Analysis of Water, Sewage and Industrial Wastes," Am. Public Health 
 Assn., W.W.A., and Federation of and Industrial Wastes Assns., Ed., 1955. 
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mately 0.08 ft per day and 0.25 ft per day, respectively, 4 

abrupt clogging of Oakley and Yolo soils, particularly the former, was 
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field conditions is not uncommon although seldom ites by engineers. e 
drainage facilities for the t town of Calif., have been 
with unfortunate 


Caten basins designed to as sumps or “leaching pits” 
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returning surface water to the underground soon become completely ineffective 0 

due. to clogging with fine particles in the soil by surface runoff. Recent aa 
experimentation at the town’s water filtration plant with basins 
for disposal of filter backwash have also shown that the infiltration irnsgiiaail aa 
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Inspection of the of soil lysimeters and core eamples, and 
tions of effluent characteristics indicated that during the progress of sewage 
spreading all the suspended material in the applied sewage was removed and | 

ae at or near the soil wurince. Penetration of particulate material ‘4 
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‘Fie. 9. —Errect or Soi. on (Yoro Sanpy 
_ into the soil structure was confined to a surface stratum a few contiiesters 
a deep. _ Analyses of core samples indicated that concentrations of organic — 


- material, as evidenced by the presence of carbon, were significantly increased ee 
only in the surface 2 in. of - of Oakley sand and Yolo sandy loam. Further — 
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spreading was noted (Fig. 10), it became 
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analyses of core Wreoy Sah from the top 1 cm of all soils revealed substantial — 


of organic 1 matter on the Surface of the soil. 
servation, subsurface variations in organic ¢ components did not 7 7 


4 appear significant. However, when the change in carbon content of surface | 
i strata with respect to the normal carbon content of the soil before sewage 


apparent that increases in organic 


Ebatoars3O9 NOTE : EACH POINT IS AVERAGE OF TWO | 


INCREASES ARE BASED ON NOR- 
MAL CARBON(AV.OF 4 ANALYSIS) — 


MESPERIA 0.327% 

COLUMBIA 637% 


off 
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DEPTH BELOW SURFACE, IN mm 
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is. region were § significantly different for each of the soils. For 


- example, Oakley sand showed increases in carbon content, ranging from sixto _ — 


- fifteen times normal content within the first centimeter of of soil, and the distribu- — : 


of carbo 


on n with depth indicated even n deeper penetration. . Yolo soil 
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“SOIL LYSIMETERS 
of penetration | beyond em. Hesperia sandy loam exhibited a 
_ toward increased surface organics and an appreciable increase at depths greater 
; than 1 cm 1. On the other hand, Columbia and Hanford soils appeared to = 4 
limited the accumulation of se sewage organics to the first 4 a 
_ Observation of pressures or tensions in the liquid phase 


4.35 to 0.072. The Yolo and Hesperia loams also showed significant changes — 
a in surface permeability, but the changes noted in Hanford and Columbia soils 
_ were the being affected the application of sewage. 


oF, 


WEEK WATER SPREAD 
| - WEEK SEWAGE SPREAD 
| 9~ WEEK SEWAGE SPREAD 


OF SOIL, IN ¢ 


CENTIMETERS OF PRESSURE | 
SENTIMETERS OF PRESSUR ot 


IN AND TENSION WITHIN OAKLEY Sanp 
Domne Water AND SewaGE SPREADING 


: Fig. 12 shows the changes i in n permeability for each of the on soils dt during 540 
Lysimeters Versus Field Test Plots. —During the course of 
on each of the five soils studied, it was noted that the rates of infiltration were 
essentially controlled by the surface stratum and that the physical condition 
of the subsurface strata exerted a negligible influence. One of the more | 
important objections to the use of lysimeters to estimate field performance— = 
. “the f fact that soil structure and permeability may be altered during transfer oe 


the soil to the experimental column—thereby becomes comparatively un- 
important. The field penction of spading, harrowing, or otherwise conditioning 


modifies soil structure and permeability. . Therefore, lysimeter soils, especially 
_ those near the surface in the zone that actually controls infiltration, may be 
- expected to be reasonably comparable to their field counterparts. it would A 
os seem probable | that i in situations where suitably aoe, pervious strata. exist in 
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LYSIMETERS 
field, ‘the practicality of water reclamati by surface 
subject to determination by lysimeter studies. — _ That such is indeed the case ‘ 
. can be shown by a comparison of field and lysimeter infiltration rates observed 
for_Hi Hanford fine sandy loam a and d Heeperia sandy loam, 
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12.—Cuanoes or SuRFACE STRATA Sew ons SPREADING 
wm A comparison of rates of infiltration of sewage into the Hanford; Jsoil during 


‘A similar periods for both lysimeters and a plot designated as Basin Dp in the — 


Lodi studies* are shown in Fig. 13. Basin D’, which produced higher infiltra- 
ion rates than those obtained by other method 
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LY SIMETERS 


the 
that used in . The sewage to both Basin D’ 
_ the lysimeter was treated by primary sedimentation only, and the depths of 4 
surface inundation were substantially the same. ig. 13 shows ys that changes. 
in rate are sufficiently similar i in the two cases to warrant the conclusion coll 
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3.—CoMPARISON OF PERFORMANCE OF Hanrorp FINE Loan IN Bow 
Lysiwerers AND Fie_p Test PLots 


In this case, striking similarity can bet noted | between | the lysimeter data 


the best run obtained in the field study®"* (Pond No. 19 in Fig. 14) was 
‘ _ appreciably better than either the lysimeter or Pond No. 25 in terms of a 
filtration rate, the curves seem to. approach the same equilibrium value after 
a _ 14 or 15 weeks. On the basis of Fig. 14 it is reasonable to conclude that a 
= study could have been used to predict the field performance | of 
Hesperia sandy loam under water spreading conditions. The 
a Engineering and Economic Factors. —Field scale experiments, , such as those 
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anford fine sandy ined by spreading water o 
— of Hanford fine ‘comparative results nds near Bakersfield. | 
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| 
and the investment of considerable sums they 
are not adaptable to engineering - studies in many localities in which water é a 
reclamation by spreading might be proposed and where it might be seriously — See: 
undertaken if if the suitability of the soil for spreading purposes could be evalu-— xe 
ated by less : costly m means. — From the results presented, ‘it seems possible to ‘ 
secure reliable data on the probable field performance of any particular soil © 
using» relatively inexpensive laboratory lysimeters_ and comparatively 
short time studies. This means that the costs s and time involved in the 
preliminary engineering investigation of a water reclamation project should | 
_ compare favorably with preliminary work on other engineering undertakings. _ 
Experimental results on soils should be regarded in much the same manner as - 


POND NO. 25 
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Fia. 14 .-—CoMPaRISON OF PERFORMANCE OF Hesperia SANDY Loam 


4 are the properties of other engineering materials ; when used ining 
they should provide an adequate basis for. satisfactory en engineering decisions. 


The ‘infiltration capacities of five pervious, eng agricultural soils 


during prolonged spreading with water and primary sewage effluent were 


determined using soil lysimeters. A summary of the results and conclusions 


~ tl 1. Each of the soils exhibited time-infiltration yn rate curves of a ecm 
tye _ The typical curve included a phase of initial rate decrease occasioned 


by soil dispersion or swelling ; a second phase in which the rates increased due _ 


to solution of entrapped gases; and a third phase i in which the rate of infiltra- 
— gradually decreased due to microbial clogging. Infiltration rates for a 
- coatinuous water spreading ranged from 0.6 ft per day to 40 ft per day. ce a! 
Spreading of primary sewage produced an abrupt: decrease in the 


infiltration rates and surface permeabilities of two of the coarsest soils within 
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SOIL LYSIMETERS) 


e first few hours. -_ Little or no change occurred in the rates of infiltration | E 
a fos the finer soils for a a period of one month after the onset of ‘spreading. ry 
Ss Sustained infiltration rates during prolonged sewage spreading ranged from 
approximately 0.1 ft per day to 0.3 ft per day. lo ods 
OF 3. The abrupt decrease in ‘infiltration capacity of the soils studied | wes a 
attributed to the intrusion of sewage solids into the soil voids of a comparatively o 
-_ Bro: surface stratum. As a rule surface strata controlled the rates of 4 ’ 
x. infiltration during either water of sewage spreading although permeability 1 
_ changes were most noticeable in the latter case. Disturbance of the soil 
_ - samples during the assembly of lysimeters produced no significant changes in . 
performance from the changes experienced in field test plots of ‘much larger a 


_Lysimeters provide convenient and inexpensive means of f studying 


a The studies reported herein were performed ¢ at the Sanitary Engineering» 
- ee —— Laboratory of the University of California at Berkeley as a part of 
a research agree on the fundamentals of waste water reclamation. The | 


who reviewed the manuscript and offered valuable eriticiam. 
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E ON SOIL LYSIMETERS 


AMERICAN Or CIVIL &N 


A. M. ASCE.—Useful information, indicating that simple 


soil lysimeters may have value in certain waste water reclamation studies, has ns 
deen developed by the authors. However, it may be desirable to 
some of the limitations of these devices for waste water reclamation studies ¥/ 
. Perimeter effects can cause variation in percolation between a lysimeter and 
field’ prototype. The lysimeter will normally provide | poorer bacteriological 
treatment than that which is encountered in actual field operation because of 
possible ‘cross-connection a and water movement at the perimeter ; this also 
results in differences in the percolation rates. The surface of the lysimeter — an 
may be disturbed when effluent i * introduced into its limited area and may, 
thereby, provide inaccurate data. Special inlet devices are needed for spread-— 
ing water i in lysimeters to avoid such disturbances. 


factors.  Test- lysimeter « construction may be such that there is limited direct 
= sunlight to dry out the soil surface or to provide energy for algae in the spread 
effluent. is true that when lysimeters it is possible to 


However, when spreading in an 


_ below the ground surface, the soil and gas conditions would be expected to be 
different than those encountered i in a restricted test lysimeter. 
. Because of the intricacies of waste water spreading, it is recommended that. Ne 
data for a large-scale spreading program be developed in test plots with a 
minimum size of one half acre. The lysimeters remain a ' worthwhile tool for Me 
qualitative tests ‘and for basic laboratory research work in which it is desirable 


T. Ontos" anp Rosert G. Butier,'* Junior Members, ASCE. 


_ As Mr. Stone observes, the use of soil lysimeters in waste water reclamation .: : 
studies ‘must | be tempered with an appreciation of certain limitations The 


thorough engineering investigation of ocniitines at the proposed recharge site > 
a However, they are e valuable i in guiding the engineer in preliminary ‘investiga- - 
tions 18 and can be used at comparatively much lower costs than those for devel- 
opment of the half-acre plots advocated by Mr. 
_ The investigations presented in the paper, as well as subse quent studies — 
a. and observations of the field performance of spreading basins and storm water — 
_ ape sumps, have demonstrated that infiltration of waste waters into soil is 
controlled by the surface stratum. For this reason it is of small consequence 
: r that the lysimeter medium is a disturbed specimen. — ‘The surface layer of soil a 


on any field basin also has its basic structure altered i in the construction and ya 


Cons. Engr., Ralph Stone & Co., Beverly Hills, Calif. 
Asst. Prof. of Civ. Eng., Univ. of California, Berkeley, Calif. 

es - Asst. Prof. of Civ. Eng., North Dakota State College, Fargo, N. Dak. 7 
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)B-BUTLER 
"hy Perimeter effects or the ¢ ontribution to surface infiltration by wey 
_ lateral flow are most pronounced on small test plots and tend to diminish, — 
 pereentagewise, as the basin size is increased. These effects may be particu- 
larly significant when an impermeable subsurface horizon « exists. Under such > 
ee surface spreading may not be a suitable water reclamation tech- — 
nique. In general, when the prototype basin is large, flow i is ; predominantly — ] 
vertical as in the soil lysimeter. Yo Yolsinge 
If lysimeter walls are constructed of corrugated steel, as were those used in 
the ‘studies reported in the paper, short-circuiting along the perimeter st eurface 
danger of “piping’ contaminated water through the 
medium is greatest near the onset of spreading on a previously dried soil, but.is — 
rapidly minimized by the intrusion of suspended material. In the natural Z 
soil profile ; also, root channels and media discontinuities exist which may y aid - 
a Soil gases at great depths are of comparatively small consequence in re- 
“etalcting percolation when compared with the intrusion of particulates into sur- 
face soil voids and the production of gases from | biological stabilization of or- 
ganic matter. These ‘phenomena are confined to ‘a comparatively shallow 
depth of medium and may ; be virtually ti the same in lysimeter as in prototype 
gael It is s important to analy ze the results of lysimeter studies critically b before 
indulging in the ex expense of large-scale test plots. A potentially promising» 
spreading site may prove to be less than feasible by an an inexpensive a 
donut dwn yrotes tet bea atest avid 
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RUN-UP ON SHORE STRUCTURES : 


By THORNDIKE SAVILLE, IR, A. M. ASCE 


— 


-Laborator tests run- on shore structures as a result of 
g the to wave steepness, 


A need for more Re design data on the height of wave run-up on 

shore structures has long been evident. . Many protective structures along a 

the shores of rivers, , lakes, reservoirs, and oceans have been designed to meet 

run-up requirements—that is, freeboard—essentially by ‘“rule- -of-thumb” 

methods rather than on a sound factual basis. The vertical height to oa 

water from a a breaking w: wave | will run up on a given structure determines the . : 
height to which the structure must be raised to prevent overtoppingend — 7 
~ resultant flooding on the landward side, and, if the s structure isadamorlevee, __ 
4 


to prevent possible destruction by rearface erosion. These crest elevations have = 7 Ee 


to wave height, R /H. A value of R / H equal to 1.5 is most frequently used, 
although values as low as 0.9 and as high as 2 have been suggested for particular — 


4 _ usually been determined by applying a rather arbitrarily selected ratio of run-up 


designs. It has been generally recognized that the correct value would depend = 
structure characteristics (that is, shape and roughness), water depth at its 
toe, and wave characteristics, but sufficient data are not available (as of 1957) . ) 
to determine these relationships accurately. The value of 1.5 isthe one that 
is given for general use by the Beach Erosion Board, Corps of Engineers 
(United States Department of the Army),? for structures in, or landward of, the by: 


breaker zone. The Waterloopkundig Laboratorium Delft, Netherlands, 
has determined an approximate value from relatively few observ ations of a 

Bre Nore. .—Published, essentially as printed here, in April, 1956, in the Journal of the Waterways and Har- = - 
bors Division, as Proceedings Paper 925, Positions and titles given are those in effect when t when the paper was q 


Asst. Chiat, Research Div. ion 
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7 = 8 tan @, in which @ is the structure slope’; i if a berm of width B is 
at the mean water level, the - ratio can be . reduced by a factor of > 
— B/L, in which L is the wave length. This ratio applies to “an open ; 
egularly set stone revetment and width of berm of about } of the wave length - ; 
It is further stated that a smooth impervious facing increases the run- 


p by approximately 15%, whereas a rough stepped facing can decrease it | 
2 approximately 10%. Some model-study data for smooth slopes of re 


30°, and (45° have been chtained at the University 0 of California, at Berkeley, ay 


by Kenneth N. Granthem.‘ In addition to the need for data for the more a ¥ 


conventional types of shore ; structures, the increasingly frequent use of arti- 
 ficially placed fill ; as a beach- -protective structure has led to a need for data 
on n relatively gentle slopes—t that is, from 1 on 10 to 1 on 30—to enable an 


design of beach berm elevations. = = = 


head Recognizing the lack of basic data, the Beach Erosion Board initiated in © 


1952 a general comprehensiv e test program on wave run-up ) and its accompany-_ 7 


3 ing factor, wave overtopping; this was part of the Board’s general research i “- 


"Program on factors basic to shore protection and on of shore ‘Struc- 


been at the Waterws ays Station of the Corps at Vicks 
burg, Miss., in accordance with a test schedule prepared by the Board; others 
have been conducted d in the Board’s laboratory. A preliminary analysis “of 
_ the overtopping data on the vertical wall by Joseph M. Caldwell, M. ASCE, 
and the writer,' and a nonanalytical, tabular summary of the Vicksburg data ° 
have been published. The ‘present report contains an analysis « of the run-up © 
data taken at both laboratories. pro has eh to lo oil) 


plunger-type wave machine, in "which the wave be regulated by 
_- varying the speed of the motor and the wave height could be regulated 
by varying the eccentricity of the plunger arm, hence the plunger’s depth of | 
penetration. The tests at the Beach Erosion Board were conducted in 2 
steel wave flume 96 ft long, 1.5 ft wide, and 2 ft deep. The pusher-type wave | 
_ generator that was used consisted of a vertical bulkhead attached eccentrically — 
_ through a pusher arm to a rotating driving disk 2 ft in diameter. The disk 
was driven by a 24-hp motor through a vari-drive unit. The wave period © . 
could be adjusted by varying the gear ratio in this unit, and the ao 
height could be adjusted by varying the eccentricity of the connecting rod and, 
hence, the travel distance of the bulkhead. In both cases, waves of known — 


“New Designs of Breakwaters and Seawalls with Special Reference to Slope Protection,’ by W. Fr. 
Van Asbeck, H. A. Ferguson, and H. J. Schoemaker, , Question I, , Section i, Ll International Navigation 
Cong., Rome, September, 1953, p.174. 

4*“Wave Run-up on Sloping Structures,” by Kenneth N. 
_ &“Experimental Study of Wave Overtopping on Shore Structures,” by Thorndike Saville, Jr. and 
J. M. Caldwell, Proceedings of the Minnesota International Hydraul ics Convention, International Assn. for 

Research, Minneapolis, Minn., 1953, pp. 261-269. dase, vi Wit 

: _ “Laboratory Data on Wave Run-up and Overtopping on Shore Structures,” by Thorndike Saville, 
Jr.. Technical Memorandum No. 64, Beach Erosion Board, Corps of Engrs., U. S. Dept. of the Army, 
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WAVE RUN-UP. 

of the tank 1). Vicksburg test structures were tested in one, two, 

or three different depths of water at each structure toe, these depths a 
- obtained i by varying the depth i in the deep part of tl the tank. _ The structures — 

4 tested w were a vertical wall; a curved wall, which was based on the Galveston — 4 


(Tex. ) seawall section; a siniilar curved wall but with recurvature at the top a 
smooth slopes of 1 on n 3 and 1 on 13; step-faced of 1- on-1} slope ; and a 


; base. All structures were fronted by a l-on-10 beach slope. | All the Board — 

test structures were tested in four depths at each structure toe, the depths 

being obtained by keeping the water level in the deep part of the tank constant _ 

; at 1.25 ft and varying the location of the structure (Fig. 1). The structures 

_ tested were smooth slopes of 1 on 14, 1 on 2}, 1 on 3, 1 on 4, andlon6. As | i 
_ with the Vicksburg tests, all structures 5 were fronted by a l-on-10 beach slope. I 


__ In addition, beach slopes of 1 on 10 and 1 on 30 were tested for the full depth | 


5 of 1.25 ft at their toe. The 1-on-3 slope and the 1-on-10 slope were also tested Gives 
_ with vary ing depths i in the deep part of the tank to determine the effect _ 


this depth, if any, on the wave run-up. The wave heights involved ranged 
- from 0.17 ft to 0.70 ft at Vicksburg and from 0.03 ft to 0.58 ft at the Board; 


wave periods ranged from 0.63 sec to 3.64 sec at Vicksburg and from 0. 61 


SWL, 


To wave 


3) 
os 


WAYS EXPER TAT! AR 
WATER © EXPERIMENT ST oN BEACH BO 


to 4.70 sec at the Board. Roughly ten different wave 

height and period were tested for each structure and depth at Vickiburg, 

= the emphasis was on testing quickly as many structures as possible 

and where overtopping measurements were also made. At the Board, about 

if r fifty-one combinations of of wave characteristics were tested for each structure | 


and depth. _ Run-up alone was s measured, ‘and a much more thorough program | 


he put the he experimental values in perhaps a somewhat better perspective — 
r for field engineers, the Vicksburg tests could be visualized as a 1-to-17 linear : 
model and the Board tests, as a 1-to-23.7 linear model. _ For the Vicksburg 
tests, depths of 25 ft, 29.5 ft, and 34 ft would exist at the toe of the 1-on-10 
slope, and the structures would be tested with | depths of 0 ft, 45 ft, and 
9 ft at their respective toes; deep-water wave characteristics would vary from © 
3. ft-to-12-ft heights and from 3-sec-to-15-sec periods. ‘For the Board tests — 
the depth at the toe of the beach would be 29.5 ft, a and, again, depths of 0 ft, 
.. 5 ft, and 9 ft would exist at the toes of the strenttres, deep-water weve 


i range from 3 sec to 23 sec. Essentially the full range of prototype éetlliiions 
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test order to permit a stable ‘condition to 

_ established before measurements were taken, the first two to four waves were 
ignored; measurements were then taken on the next six to fifteen “waves or 80, 

, Be -- were, in any case, stopped before reflected waves from the structure could 
reach the generator and return to the structure. In the run-up tests at the 
Board, actual measurements were taken on each of the six to fifteen waves, 
‘and these were averaged to obtain a mean value. At Vicksburg, only the - 

~~ ‘maximum of the six to fifteen waves was recorded; the water was then stilled — 
and the test repeated several times. The maximum values from these 


tests were then averaged to obtain the value reported. The Board tests thus — 

indicate an average value of run-up, whereas the Vicksburg tests indicate an 
yerage maximum value. I In general, however, these values should ‘not 
* ‘differ markedly. For the two structures tested at both locations for the same ~ 
= conditions —thet is, the l-on- 1} smooth slope and the l-on-3 smooth 


on-1} 6% lower the l-on-3 slope. The e degree of scatter 

_ the points appeared to be of the same order of magnitude, and the Vicksburg - 
points were practically all included within the envelope band of the far greater | 

number of points obtained at the Board. tt 


4 first Board te tests ‘were » intended. to the effect, if any, of the 


depth i in the generating part of the tank on the observed wave run- up. - Con- . a 


Legend 


75-ft depth 
25-ft depth 7} 07 3 slope 


1.50-ft depth 


1.25-ft depth 
1.50-ft depth 


1 ‘on 10 stove 


0.2 


sequently, tests were initially run “aay the 1-on-10 slope with two different — 


depths, and for the » 1-on- -3 slope with four different depths i in the deep part 
of the tank. a For each of these cases the slope extended uniformly ‘through - 
the entire panin,| to the bottom of the tank nk. The y points obtained are plotted 
‘The values plotted are relative run- -up—that is, the ratio of vertical rise of 
water on the structure above water ‘level to the wave height 
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_ and the ratio of deep-water ¥ wave height to the square of the wave pecied. The 
~ latter value, H,’ / T?, is directly proportional to the dimensionless value of deep- 
water wave steepness, H,’ / L.. Actually / L. = H.’ / (g T?/2m); thus, 
H.'/T?=gH,'/2" L, = 5.12 H.’ / Le . However, it is felt that the term, 
H.' / T?, is easier to use because the wave e period i is usually ¢ directly available 
_ either from forecasts or from measurements, whereas the wave length generally a : 
must be computed. — _ An additional complexity in using the wave length as asa 
parameter is that it changes quite appreciably with depth, and a depth posi- 
tion must therefore be specified with the value given. The wave period, 
on the other hand, remains constant, ‘regardless of depth variation. The 
height p parameter weed 1 is the deep- water height c corrected for ‘refraction—that — 
is, the height which would exist in deep water offshore from the structure a 
there were no refraction effect and the refraction coefficient were 1. 0. The 
breaker height would perhaps be a more desirable parameter, but it is extremely 
. difficult to obtain both in the laboratory and in the field. Any other height, ‘- 
such as that which would obtain in the deep part of the tank or at the toe of © 
= the e structure, a again n requires definition of the depth involved and | complicates 
the usage of the laboratory results. However, this depth effect is not as im- 


a ae As may bes seen n from Fig. 2, no death effect w was s epparent, and ¢ curves shave 
been drawn through the general mass | of points. From a practical standpoint, — 
this: “result, might be important, for example, in the consideration of design 
: criteria for an offshore breakwater, and i in determining whether design run-up 
_ values would differ were the breakwater to be located in depths of 50 ft, 70 it, 
7 or perhaps 100 ft. . It might also be important in | determining whether rine 
tion of the relatively large depths e: existing at the base of a reservoir or river 
levee would make any difference in freeboard requirements. ” Actually the 
Zz independence of run-up on . depth for relatively large depths (as, for example, y 
several times the wave height) might well be expected, but considerable ques- _ 
_ tion has been raised about it in the past. This result is also confirmed by 
other tests performed at Vicksburg for the design | of the Lake uaa 
‘The scatter of the points about the derived curves is quite steals the 
_ degree of scatter throughout the tests was small for the gentle slopes | but 
7 became relatively large for the steeper slopes. ‘4 This, | also, is to be e expected ; 
_ because a relatively large horizontal difference in wave uprush means only a — 
= difference in the vertical value for the gentle slopes but a larger differ- 
ence for the steeper slopes. ~ It should be noted that the scatter is much smaller b 
for the steeper waves—that is, those having relatively large values of H / T’ “et 
than for those having relatively low (H / T?)-values. almost every case 
the scatter of points was not -excessive—that i is , greater than : approximately _ 
£20%—for (H / T)-values greater than 0.08 or 0.1. However, the scatter 
_ points was frequently as great as from 100% | to 200% for values of H / T? z 
— less than approximately | 0.01 or 0. 02, the worst cases being g for the oe 
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slopes, such as as 1 on 1h. From a practical s standpoint, howe ver, this pone 
dar scatter pattern is not as bad as it may seem; the designer is interested _ 
almost always in the higher and steeper waves, and the less steep waves are 
of almost only academic interest. Table 1 shows s equivalent values of H /?T 
3 wave steepness (H / L) and the wave heights corresponding to these 


values for various wave periods. | As may readily be seen, engineer designers — * a 
dealing with small bodies of water, ‘such as lakes, | rivers, and reservoirs, and fh 
with the east coast of the United States, where wave periods for storm waves _ 
are relatively short, will be dealing with wave values of H / T? that are usually ry 
ng greater than 0.1 and probably never with values of less than 0. 05. Designers — 
on the west coast, where incident wave periods are frequently ote will be ‘ 
dealing relatively frequently with waves of H / T? between 0. 05 and 0.1, 
_ seldom with values of less than 0.05, and practically never with values of less 
than 0.02. ~ Consequently, the designer fortunately will be working i inthearea 


a 4 in —_ the curves have one least scatter and appear to be the most a 


aa: Wave CORRESPONDING TO Tate Pentops 4 
0.039 


0.0195 | 40 


depth- height ratio values, in which “the depth, the 
_ the toe of the structure. A definite relationship is apparent throughout, — 
with the run-u -up increasing w ith depth o of structure until a depth- height ratio 
— : of between approximately 1 and 3 is reached and then apparently decreasing 
Actually the apparent decrease as the larger depths are reached 
appears generally quite small, particularly in the range e of greatest interest 
of values of H / T* greater than approximately 0.05, and, in fact, may be due 
= to the difference in scatter of the various points. _ The initial inerease 
with depth may be explained by the location of the breaking v wave. 4 
Ww hen the. wave breaks offshore from the structure, as in the case of shallow 
r structure depths, it acts over a relatively great distance of gentle beach oe 
_ before reaching the actual structure. es It may be thought of, then, as essentially — 
- acting over a gentler combined dees than when it breaks more nearly on the 
structure itself, and, consequently, has a lower run-up. In each case the curve 
_ derived for the 1-on-10 slope (Fig. 2) is also shown to aid in comparison. " This 
curve shows the run- -up relationship that would exist for the 1-on-10 beach © 
_ slope if the test structure were not in place. Were the structure depth to be 


decreased still further—that t is, were the structure toe to be ania ata nae eleva-_ 
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7 
tion—the run-up curves the curve for the l-on-10 
slope still more closely. The depth- -height r ratio ranges chosen were purely 
arbitrary. The particular ranges used were selected as most conveniently 
a fitting the groups of data taken. The Vicksburg data were taken for five values" 
a of this ratio only, and these are shown as specific values rather than as ranges. a 
i However, the symbols used correspond to those used for the , applicable ranges 


for the Beach Erosion Board data. at ate 


at 


TOE OF STRUCTURE rigrap cover’ 
— STILL- -WATER LEVEL, 


Fic 4.—RELATIVE Run-UP For Zero at ToE OF 


“Fig. 4 shows the « curves derived for the various slopes tested for conditions 
of deep w 


= extended to the full depth of the tank. ~The points delineating ‘ids 


| 


curves were essentially all for depths equal to » OF greater than, three times the a <a ye 


_ with the curves shown in Fig. 3 for a value of d a a — than three. rl “i 4 


wave height. For the 1-on-1} slopes through 1-on-6 slopes, they are identical a 
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the curve fo for the on 30 slope are e not sh shown, but approximately thirty-three 
points were used to determine the curve, which does not deviate more than 

_ 10% from any point. As noted earlier, the scatter was quite small for the 
4 gentle slopes (1 on 30, 1 on 10, and 1 on 6), but became appreciable as" 
the 1-on-14 slope wa was approached. This may also be seen from the plotted — 
‘points in Fig. 3. As is to be expected, the run-up increases as the slope be- — 
comes steeper—at least in the case of the steeper waves. A slight decrease 
in run-up with slope increase is indicated for slopes steeper | than 1 on 6 for— ; 
(H / T*)-values of less than an approximately | 0.01, but the scatter in this. area 
Was so large as to make accurate determination of a curve extremely difficult. 
However, this relationship might be expected because with relatively 
ere hee fronting the structure the v wave becomes more and more reflected as 
the slope is steepened, and should approach the value for pure clapotis as the 
we i Fig. 4 also shows the curves derived for the condition of zero s aiaalh at the a 
structure toe, with a 1l-on-10 beach slope seaward; all curves were obtained — 
+ from | Fig. 3. ~ Also drawn is the curve for the 1-on-10 slope, which ows the 
run-up relationship for the beach ‘slope only with no structure in place. 
Again the run-up increases as the slope becomes steeper, but after a slope of ; : 
approximately 1 on 3 is reached the exact slope appears to make very little F 
difference. Curves for ay vertical wall and for a Aon-1} stepped wall and a 


though it lies s slightly lower. 7 However, because this curve was obtained | 


for this depth i is a slightly different from those fen the ‘steeper slopes, : al- 
2 the ‘Vicksburg data of average maximum run-up, it may be — 


range of prac actical use. § 

= Lines have been drawn connecting points of : an equal value of d/ H,'. The 
variation of relative with structure and at the structure 


waves el many design cases (an (H / T*)-value of 0. 3), 
is not adequate for many types of structures in which waves of lower steepness — 

are considered. vertical wall resulted in in lower run-ups than the slopes 
steeper than approximately 1 on 4 for all conditions except that of zero depth — ry 
at the structure toe where almost the same run-up resulted regardless of slope. 

“A This decrease in run-up for the vertical wall may be explained possibly by 

* Becomes ease of reflection of the uprushing water (if the wave has broken sea- 

ward of the structure toe). It may also be explained by the fact that the 
horizontal momentum of the uprushing water may be applied directly to carry =} 

the water forward on the inclined slopes Gat it ‘is only gradually changed 
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there t to act ina direction; for the vertical wall, however, this momen- 
tum essentially be changed instantaneously and entirely to vertical 
momentum in order to « carry the water up the wall. _ For the vertical wal ‘s i 


44 _ tion if the wave breaks directly on the wall. It may be noted that omvel | ; 
Re Bs apparently represent, generally, the worst type of wall design when run 


up is an important factor. However, adding recurvature reduces the run-up 4 


a here, wave run-up is determined as the height to which the 
must be raised to preven 


t overtopping rather actual vertical 


$e ay that data were obtained for impermeable slopes only, with the seated in 
of the single riprap test, which involved only a single layer of 
-riprap over an impermeable 1-on-1} slope. In this test the layer should he 
_‘Tegarded almost purely as a roughness parameter rather than one of perme- 
ability. Observations indicate that walls « of relatively large permeability, as 
a, for riprap or rubble-mound structures, generally serve to decrease the amount 
ey of run-up considerably. Tests presently underway at the Board, however, _ 
indicate that the permeability does to relatively large, and that 
focie? “se sand beaches, for example, behave (as far as run-up considerations are a 
a. cerned) essentially the same as solid impermeable structures. The run-up — ¢ 
curves presented for the 1-on-10 slope and 1-on-30 slope probably are very” z 
nearly those for which artificial beaches of these slopes should be designed. 
The designer must also remember that the data presented are for structures 


fronted by a 1-on-10 beach slope only. For cases in which the depth at the 
Lag 3 toe of the structure is several times the wave height, this is not important; 
~<a it is probably not significant even for cases in which the structure depth is — 
only approximately one wave height or more. . However, for lesser depths, - 
ms greater run-ups ‘may be expected for steeper beach slopes and lesser ones s for 


gentler slopes; the degree of difference will increase as il waayive structure 
depth ¢ decreases. wi 


It has been that the run-up depends o on the wa 


< _ teepnem,: H / T?; on the depth at the toe of the structure, unless this depth 
is large in comparison to the wave height; and on the type and Toughness - 
of the structure itself. The curves should enable more adequate 
designs of wall crest although additional work remains 


ems. 
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EXPERIENCES WITH -LOESS AS FOUNDATION _ 


Drscusston oe Hi Harry R. -CEDERGREN; B. Peck 


Herperr 0. AND | A. Cunvencen — 


Certain characteristic properties governing the sailed of loess as a founda 

tion material have been defined through extensive laboratory and field studies, 

- : _ These studies were primarily limited to loess or loess-like materials. In ~ 

_ paper broad generalizations of many pertinent properties of loess are presented, — 
their significance is examined on the basis of specific 
: with loess as foundation material. Some interesting data gathered by the 

writer on foundation failures of residences are described, as well as results of — 
laboratory and field studies of the properties of the loess connected with these 7 


_ True loess is a loose, wind- deposited soil covering vast areas of several con- 


-tinents, including North America. I It is generally composed of uniform, silt- 
c ‘sized particles, which are loosely deposited and are bonded together with rela- pe 
tively small fractions of clay to form the typical loess “‘structure.”’ Normally 
a loess has a high shearing resistance and will withstand high loadings without — - 
significant ‘settlement when natural moisture contents are low. However, 
_ upon becoming wet, the clay bond tends to soften and the loess structure col- 
= thus inducing large settlements under small loads and a loss of shearing 
es: thorough basic knowledge of the engineering properties of loess is neces- 
- ‘sary | to utilize this material safely as a foundation. ON Much information isavail- 


4 able on the origin and deposition of loess, its mineralogical composition, and its 


Nore.—Published, essentially as printed here, in July, 1956, in the Journal of the Soil Mechanics 
4 Foundations Division, as Proceedings Paper 1025. Positions and titles given are mye! in effect when the ary 
paper or discussion was approved for publication i in Transactions. Bintulu’ bein 


1 ‘Weodwaré- & Associates, Denver, Colo. solo. 
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_ engineering properties as defined by laboratory and field tests; however, there 7 4 


is little information on the results of actual experiences with loons as a founda» 
tion material. A few typical examples of such experiences will be presented — 7 
a _ herein, and an attempt will be made to correlate them with . the properties 7 
_ of the materials involved, as determined by laboratory tests. Although the 
experiences are quite varied, such information may be of benefit to those con- 
the foundation construction in loess — 
Much of the laboratory test data ¢ herein were obtained by the 
 : Bureau of Reclamation, United States Department of the Interior (USBR), in — 
= ‘oe with the construction of hydraulic works in the Missouri River __ 
a - Basin areas of Nebraska and Kansas; these data have been reported? by Wesley _ 
 G. Holtz, M . ASCE, and Harold J. Gibbs, A. M. ASCE. Data applying to _ 
re loess deposite ts in the Denver (Colo. ) area were furnished by resident soils con- 
sultants. Properties of the particular loess being examined are compared with 
those of the average Missouri River Basin loess in n order to indicate 1 the pecul- 


_ Inpex Properties or River Basin AREA 


Appearance and Structure —The typical, undisturbed Missouri Basin loess 
is from tan to light brown i in color, crumbly, lightweight, and contains many — 
7 visible voids and root holes. At a low natural moisture content, it is fairly 
_ brittle but can usually be powdered easily between the fingers. Few individual 
14 particles can be seen with the unaided eye, and practically no stratification is _ 
i at ‘Most of the root-like channels are in a vertical direction, thereby giving 
‘ss ertical cleavage to massive deposits of loess. This can be observed in the | ; 
-4 field in the splitting off of columnar secticns of dried loess in steep-sided — 


Gradation and contains primarily silt-sized particles sof 


except in more loesses, as “indicated in Fig. ‘1(a). 
__ three-fourths of the samples from the Missouri River Basin area fell within the — 
boundaries indicated by‘ ‘silty loess,” ‘one-fifth were classified as “clayey loess,’ 
: and approximately one-twentieth were termed ‘ ‘sandy loess.” s Almost all the 
loess has some plasticity when remolded, as indicated by the Atterberg limi 
chart i in Fig. 1(b). _ The relativ ely small amount of clay that is present has 

- significant influence on the « engineering properties of the loess. 
_-—- Undisturbed Density.—In its natural state, loess from the Missouri River 
‘Basin : area is very loose because of its method of deposition, in addi- 


aan 


Hon a “breakdown”’ of the typloll structure. Undisturbed densities of true, 

 wind- deposited loess normally range from approximately 75 lb per cu ft to sd 
ib per cu ft in this area. If the material has been wetted and consolidated o 


7 has been reworked, the natural density is higher—sometimes as much as 100 _ 


pe “Consolidation and Related Properties of Loessial Soils,” by W. G. Holtz and H. J. Gibbs, andl 
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per cu ft or more. In unusual cases 7 ee material has been found 
to have a density of as low as 65 lb per cuft. Studies made by the USBR have — 
shown that the natural density is perhaps the most important index property of 
loess because the ultimate settlement that can be expected and the shearing — 
- Tesistance e of the material after wetting are dependent to a great extent on the 
natural density. Large settlements and low shear resistance can be anticipated _ 
‘ for Missouri River Basin loess at a density of 80 lb per cu ft or less, whereas < 
- soil wi with a density greater than 90 Ib Ib per cu ft will s settle a ‘relatively mall 
omy od oitabauol 
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dene, ond will have a fairly high shearing strength. The properties are 
J _ transitional between 80 lb per cu ft and 90 lb per cu ft.. Standard Proctor 
maximum densities: vary ‘from approximately 105 lb per cu ft to 110 Ib per cu ft. 


the loess to which the foregoing criteriaapply. 
ON atural Moisture. .—Moisture contents of the undisturbed loess. are usually 
= on the order of 10%, and, regardless of the density, the supporting capacity of 
loess at this moisture is high. With i increasing natural moisture to about 15%, 
= the supporting capacity is ‘reduced only slightly, but additional increase in a 
moisture is associated with a ‘pronounced decrease in the supporting capacity. :.” os 


id r 


a 
aa 
— 
— 
— 
7 
— 
— 
— 
— 
— a 2 — 
— 
| | 
a 
a — 
— 
— 


of the open, porous Rive er Basin loess ill retain 
—ealy approximately from 25% to 28% moisture, even if thoroughly wetted by 
artificial means. — At moisture contents greater than 15%, the structural prop- 
of loess : appear to depend primarily on the. density. 


hata STRUCTURAL PROPERTIES OF Lorss—Missovri Basin AREA 


n.—The ‘outstanding’ structural property 
eonsolidation. Large consolidations under footings have ‘resulted in ‘many 
_ foundation failures and have caused designers and engineers to be greatly 
‘concerned. Invariably, failures of structures founded on loess have been wall 


 gociated with the consolidation characteristics of this unusual material. 
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pr A generalized description, given by Holtz and Gibbs, of the aa 
_ properties of the Missouri River Basin loess shows that the potential settlement — 
— of a loess foundation i is governed primarily by the in-place density and by the 
- highest moisture content attained by the soil. Other factors, such a as grada- 
tion and past and present natural loadings, also have an effect, but, by com- — 
parison, they factors are of relatively minor importance. 
Several typical laboratory consolidation curves for test | specimens of a 
~ have been plotted in Fig. 2 to demonstrate the effect of in-place density and of 
wetting on consolidation properties. Test ‘specimens at low natural 
consolidate comparatively little at high density or at low density. Prewetted, 
low-density specimens consolidate between 15% to 20%, and for high- density 
——epecimens, éither at natural moisture or prewetted conditions, there is little 
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consolidation. The effect of saturation can be o observed | from the addi- 
tional consolidation that results from wetting the specimens while under a load 
+ of 100 lb persqin. The approximate effect of saturation at other loadings can 
be estimated from the foregoing curves by observing the difference in density — om 


een natural and prewetted specimens at particular load. law tz 
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There have been numerous large engineering structures of various types 
Me $e on loess in the Missouri River Basin area, a few of which have failed. 


One example of unsatisfactory performance is a grain elevator in Kansas, data | 
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for which were furnished by a soils who the foundation 
conditions. This elevator was completed during July, 1952. After heavy 
‘rains had occurred i in August of that year, the structure ecttled ¢ quite badly =? 


had caused the settlement. An ‘attempt was made to correct. ‘the tilting by 
wetting beneath the southern part of the foundation, and by loading this part | % 
of the elevator to reduce the differential settlement. ‘This appears to o have 
a rather dangerous procedure because uncontrolled shearing failure could 
have been induced. The treatment was successful in some degree, and the 
Inv estigations were initiated later at this site to study the properties es of the 4 ; 
_ foundation materials, which, by that time, were fairly dry. Undisturbed 
samples were obtained and identified as loess. Laboratory tests were per-— 
formed to define the behavior of the loess under loading and wetting and thus” 
_ explain why the grain elevator settled as it did. The results of these tests, ‘4 
shown in Fig. 3, indicated that the loess was typical of Missouri River Basin _ 
= not only on the basis of grain size and plasticity but also from n the stand- 
_ point of consolidation characteristics. Sample 21, at a low natural moisture 
¢ content and subjected to increasing load increments, consolidated from a den-- 
sity of from 81 lb per cu ft to 83 lb per cu ft, or 2.4%, under the approximate | 
elevator foundation pressure. _ When wetted while under this load, the speci- 


18, which was wetted before loading, shows that settlement of the wetted loess, fi 
or loess at high natural moisture, would have occurred at considerably lower 
loadings than the elevator foundation pressure. 
cautions were taken to prevent uncontrolled foundation wetting. af 

Shear Strength. —Shearing-strength properties, as determined 
tory | tests, are shown i in Fig. 4. These curves were developed from results 0 of es 


a many tests on snmaples ranging from ¢ clayey loess to to sandy loess and cov ering ae 


This grain elevator did not appear to have mov ed appreciably after pre-_ 3 


_ influence, and envelopes were generally parallel, which indicated that the 4 e 
coefficient: of internal friction varied only slightly for different loesses, as might" 
be expected for such | uniformly grained materials. . The variation in the loca- 
_ tion of the envelopes indicates the effect of density and moisture on the a 


4 zero o shearing strength until they had so that the soil gra grains 
i were brought into closer contact. In many cases, an effective normal stress — 
_ of approximately 10 lb per sq in. was required to accomplish the foregoing, 
The usual Missouri River Basin loess has effective coefficients of internal _ 
friction varying f from approximately 0.60 to, 0.65. The cohesion of the loess 
ranges from zero for r low-density wetted loess to from 10 Ib per r sq in. to 20 > 


per sq in. for loess at natural moisture content. ae 
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“Field Load ' Tests.— - _Plate-bearing tests Sniltietdd at various sites within the 
- Missouri River Basin Project of the USBR consistently confirm the properties 
_ of loess as defined by laboratory tests and field experiences. Data obtained — 
i from a comprehensive study performed on loess near Ashton Dam, Nebraska, _ 


“have been reported? by Holtz and Gibbs and : are summarized briefly bevels 
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‘Fic, 5.—P.ate-Loap Tests on NaTURAL AND PREWETTED LoEss 
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ihis method of investigating loundations is particularly importan cause 
its popularity in the United States ito { 
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~ Load tests v were made on aan that measured 1 ft by 1 ft, 3 ft by 3 ft, and 


—— by 5 ft; all ra plates | were used in areas in which loess had been 
thoroughly prewetted and in areas of natural loess. These tests were con- 
= in holes that were 5 ft deep; the holes and plates were of the same size. 


The results, as shown in Fig. 5, clearly indicate the foundation characteristics | 
of the loess when tested under conditions simulating actual structural loadings. — 
It may be seen that the wetted foundation loess under the larger plates failed 
it lower unit pressures than that under the smaller plates, primarily because 
the effective bulbs of pressure were larger and deeper for the larger plates than 4 
~ for the smaller plates. _ Failure of the 5-ft-by-5-ft plates: began | under loads of 
as low as 0.8 ton per sq ft, indicating that design pressure should not exceed _ 
0. 25 ton per sq ft on material likely to become wetted. With soil at natural 
' moisture content (approximately 10%), loadings of as much as 5 tons per sq 7 
at not cause . significant settlement of any y of the plates. It is obvious from a; 
these curves that a foundation design based on an allowable soil pressure for — 
material at natural moisture content would be considerably in error if the loess . 
; = subsequently became wetted. xf These tests also indicate the erroneous conclu- 
sions that may be drawn from results of load tests on small plates when these 


are used to design larger footings. frown als 


or Penerration Tests To InvestiGaTE Loess FounDATIONS 


As previously noted, the shearing and consolidation characteristics of natu-— 4 
ral loess that will ultimately be subjected to wetting depend on the natural © 
density. Therefore, in investigating loess foundations, it is very important to — 
utilize methods of exploration that will yield numerical values of in-place den- — 
agitty. _ Field-density measurements in open test pits, or direct density measure- 
ments on undisturbed samples obtained by any means, are the most desirable __ 
and reliable methods. o Others, including computation of density from = 
measurements of auger-hole volume and the weight of the material augered, “) 
a have been attempted but have been relatively unsuccessful. 
: a One of the most economical preliminary methods used by the USBR for ex- 
ploring sand foundation i is by using the “ standard “penetration test.” 


q initiated at several widely spaced projects where. test 
dug to loess foundations. of these was along the Courtland 7 3 


effect of moisture at the hime of the test, the cone 
tion test was not considered and only the standard ard sampling spoon was used. _ 
-Moisture-content determinations were made on spoon samples from each test. 
Direct density measurements were made at frequent depth intervals in the 
4 hd open test pits, and standard penetration tests were made at identical elevations | 


immediately pdjecent drill holes. In addition to the 
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weight dropping 30 in. It was proposed that correlations be established o 
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gradations and Atterberg-limits tests were also made to establish correla- 
tion between materials. The results of the penetration resistances and den- 
- sities for identical materials at natural moistures ranging from 10% to 15% are > 
shown in Fig. 6. Without detailed mathematical analysis, it is apparent t that 
the scattering of points is too great to allow the use of penetration tests to de- 7 
termine in-place densities. Consequently, when foundations might possibly 
become wetted and the soil on density, penetration testing 
However, such tests have been occasionally used by the USBR i in in- 
ee of loess foundations in which the natural water content is ‘ei 
expected to change appreciably from that which exists at the time of testing. 


‘The bearing capacity of the materials depends to a considerable nae on the 
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Penetration resistance, in blows per foot 


natural shearing strength of the loess, which can be roughly m measured by the 


The re of laboratory taking of undisturbed samples shown that. 
- prolonged wetting of loess produces softening of the particle-to-particle clay 


5 bond, causing collapse of the soil structure. This results i in large consolida- 


tions or r possibly shear failures, depending on load brennan _ Furthermore, 


wetting frequently occurs at pressures the previous -overburde 


" “pressure, indicating that the natural material has never been wetted sufficiently 


in nature to consolidate. From this it would be expected that thorough wet- 
ting ofa natural loess deposit would cause settlement because of its own weight — 
fia 


only. Tn fact, evidences of this have been | reported, 3 and the settlement of large 
“areas has been noted on newly irrigated lands and in the reservoir areas of 


_ + Discussion "ab Karl Terzaghi of ‘‘Consolidation and Related — of Loessial Soils,” by W. G 
Holts and H. J. Publication No. 126, As 8.T.M HOT 
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possibility « of loess foundations has appealed to many 4 
engineers and designers, particularly for hydraulic structures such as dams ar 


- which exert high pr pressures but are rather flexible, the information obtained in- Pr: 
“¢ dicated that by ponding settlement could be attained during construction __ 
rather than after completion and filling of the reservoir. For concrete canal ; 
structures, many of which are fairly rigid and can be damaged by large settle- 
Pewes ponding presented a method of securing settlement before construction. ‘ 


Por 


ad Preconsolidating the 1 the Medicine Creek D Dam F, Foundation L Loess —Medicine 
Creek Dam is a rolled-earth dam located in south central Nebraska in the 


ABLE 1.—Testr RESULTS: ON UnpIsTURBED Son 8 


Fill plus over-_ Fmt PresscRE 
Depth below Frou Presse 
ground surface, | moisture, in & ‘in 
cubic foot | squareinch Natural, Wetted, in a 


- approximately 196, 000 acre-ft a water for irrigation, flood control, and recrea-_ 


tion purposes. The dam i is approximately 5,665 ft long, 115 ft high | above the a td 


stream bed, and has a 65-ft cutoff trench resting on shale foundation. —_ 


startet 
The problem of constructing this dam without there being ultimate failure 
through foundation settlement became apparent in the initial inve: vestigations. 

7 On the right abutment, dry, undisturbed loess occurred to depths averaging =. 
about 40 ft, with s some loess as deep: as from 60 ft to 70 ft. _ Laboratory 


yr: : dicated that the loess revo was generally low and that large settlement could a 


Table summarizes partial results of tests on undisturbed | samples repre- 
senting the loess stratum obtained at four depths in a test pit. - From Table 1 
the average settlement of the wetted loess from the overburden pressure plus + 

- the maximum fill pressure would be approximately 7.6%. Assuming that the by 


foundation loess would be subjected to an average of the overburden pressure i a 


proximate, total foundation settlement would be on the order 


of loads in excess of the overburden pressure, as 
q 
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Because of this indicated danger of posteonstruction th upon satura- 
tion by reservoir water, the foundation in this area was thoroughly wetted be- 
fore fill construction by ponding and sprinkling. Moisture content of the loess 


area, raised fr from an average of 12% to an average of 28% in 
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of vor od bso oft to nottabilon 
from twenty-five days to two months using 33,000,000 gal of water. Settle 
‘ment-measuring points were established throughout these ponded areas. It is 
- significant that no settlement occurred from saturation alone. Base plates for Ba 


the foundation settlement fill co construction were installed 
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top of tl the loess stratum jin four locations designated throt 
> construction on the loess’ began in about the middle of on 
completed later that year, with measurements of base-plate settlement being * 

made periodically from the beginning of fill construction until July, 1954. 
. Three of the plates had. settled from 0.8 ft to 1.0 ft, and the fourth had settled 
a total of 2 ft by the middle of 1964, as shown i in Fig. 7. The reservoir a 


: val B is shown for the part of the dam resting on stream-bed alluvium and crossarm 
A, for the cutoff-trench part of the dam resting on shale. The fill pressure “| 
over the 50-ft-deep | river alluvium (mostly sand and gravel) was a about 90 Ib per 
= _ sq in., and the measured settlement was approximately 1 ft. The 40-ft loess 
stratum (BP-2, BP- 3, and | BP-4) settled to almost the same Bae (1 ft) under 
a only 45 lb per sq in. of fill y pressure, and the 80- ft-deep loess (BP-1) settled 2 ft, : 
- under a fill pressure of only 35 lb per sq in. Settlement of the shale ~eae a 
fill pressure of more than 150 lb per sq in. (crossarm A) was only 0.02 ft. 
Preconsolidating g Structure Foundations—Courtland Canal —A second 
ample of attempts to preconsolidate loess foundations by presaturating is for — 
the Courtland Canal. A large part of this canal, which has a 26-ft bottom 
_ width and an 8.5-ft water depth, was constructed through low-density silty and ¢ 
; clayey loess. | Experience with loess foundation settlement in 1949 had caused } 
2a USBR engineers to deren more aware of the foundation problems associated 


= 


: to be located along the canal. il. The most critical of these structures was con- aa 
_ sidered to be siphon transitions, which normally | would rest on a great depth « of F 
Joess, whereas the siphon barrel would be founded on lesser, but varying, depths 
of loess. The barrel foundation would not be subject to wetting as would 
transition foundation. It was. expected that water from the canal would 
saturate the loess thoroughly and cause differential arent between 7 
Ne Thorough investigations were made of the along the critical s 
_ alinement, including drilling, undisturbed sampling, and laboratory testing of _ 
undisturbed samples. Results of these tests confirmed that there might be 
cause for concern, and that field tests should be performed to determine if p pre- 
7 consolidation of the transition foundations should be attempted prior to con- 


would eventually be located, and unfavorable were found by explora- 
tion and _ The of the laboratory testing showed that the loess 
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actual maximum settlement w 
ment but was still considerable 
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ring the initial planning, investigations indicated that the loess was as much 
e 50 ft deen and that the danger of cettlement evisted far the manv etrictnres , 
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2 > a loess, as shown in Fig. 8. Consolidation-test specimens at natural moisture a 2 


content and subjected loads varying from | 0 lb p per sq. in. to 40 lb perysq in. 


“ae consolidated very little, but upon saturation under a a load of 40 Ib per sq in in .the 
~ specimens consolidated a considerable additional amount. Other s specimens, 
which had been wetted before testing, consolidated to approximately the same 
end density as the specimens that had been saturated while under load. 
From these data it was determined that under its own weight approximately _ 
1.5 ft or 2 ft of settlement could occur upon field saturation of the loess. 
Sample 15L-1 
radation range 
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nog 40-ft- -sq area at the transition. site was selected for the field tests “a 


_ transition grade was approximately 13 ft below the ground surface. ‘The s area 
was diked and kept filled with water for three weeks, during which time ees 000 


area to determine the progress. of saturation. It was found that there was 
good saturation of within an ar area bounded a cone with - 
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= shown in 1 Fig. a - Tests s showed that the moisture content of the loess after ‘io 
_ ponding was completed ranged from about 20% to 28% with an average of ap- 
proximately 247%, inc indicating tat the loess was sufficiently wetted to cause 
breakdown of the loess structure. However, elevation measurements made on on a 
the various settlement-measuring points showed that the maximum settlement _ 
_ was only 0.02 ft. This ponding experiment proved that saturation would not 3 
necessarily cause ssanaibdeiian, of the loess; therefore, this plan was not utilized 
~ in construction along the Courtland Canal. _ It was concluded, in this case, 
that the loess may or may not settle by its own weight. _ If a surcharge had 5 
een placed on this loess s after complete wetting, some settlement would un- 
doubtedly have | occurred.  Howeve er, because the foundation loading of such a 
: canal structure is less than the weight of the overburden to be removed, no 
1. 8a ‘surcharge was necessary i in this case. This ‘section of the Courtland Canal was 
completed, and water has been in the canal during most of the irrigation 
- seasons since 1951. To date (1957) no significant difficulties due to foundation 3 
settlement have b been reported for the structures along the canal. »: as settle- 
ments had begun to occur, it had been planned to densify ‘specific structure 


OF RESIDENCE- FOUNDATION Fattures—DENVER Area LoEss 


Ww ith the expansion of Denver and increasing construction of subdivisions iy % 
away from downtown areas, large subsidences and damage of residence founda- 
E toms have been noted. Residential areas are spreading out away from the 
‘stream where relatively good fo foundation conditions exist, tot the 


: loess, which is sandy nea near the» walleye; in the east it is jsandy silt to silt, which 4 
finer in texture than that near the valleys. Weathering of the silt hes devel- . 
_ oped some clay, which has been identified petrographically (in only a few sam- 
_ ples) as being chiefly montmorillonite. Much of the loess is marked by the © 
presence of lime in small, separated nodules. es th 
Fairly complete investigations have been made by soils consultants of resi- _ 
dence-foundation failures in loess and of the detailed soils properties of 
material. Two of these investigations have been selected as typical examples = 
and will be described subsequently. Comparisons of the soil properties of the 
specific loesses i in the Denver a been made of the 


footings. The ini initial cost of the house and appurtenant structures was 


In 1953, soils consultants were asked to study foundation conditions be- s 
cause extreme damage had occurred due to footing movements. A chimney _ 


ig 
_ _4*Pleistocene and Recent Deposits in the Colorado, Geological Survey, 
U. 8. of the Interior, Denver, Colo., 1954. 
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‘vention movements throughout the rest of the nse un the cracking of 


walls and ceilings, displacement of floors, distortion of door frames, and other 
Foundation drilling disclosed that as much as 7 ft or 8 ft of loess overlying _ 


_ the Denver formation occurred below footings. Moisture contents of samples — 
~ from beneath footings were high, rang ranging from 19. 3% | to 27.8%, as compared 
with natural moisture contents of niawceenn | 10% a unwetted materials a 


_ laboratory. _ Fig. 9 shows typical results of these tests. The grain-size distai- 
bution was to be somew what similar to that for Missouri River Basin eared 


“tion at this ; pressure, additional settlement occurred, ‘and with i increasing 4 


for settlement of loess cond on numerical density, as ‘cited previously for 
<a Missouri River Basin loess, would not be applicable in this case. ion 
ae basic cause of the building settlement is shown by the Nectitlag test 
curves and investigation of other conditions. At natural water «ontent the © 
loess supported the house adequately. WwW atering the lawn, w hich was was planted a 
around the house, eventually raised the moisture content, and some settlement * . 
_ occurred, which apparently caused a water pipe to rupture. The foundation 
materials became thoroughly saturated, causing complete collapse of the 
@ structure and subsequent large footing movements. 4 There were evidences of a 
consolidation and shear failures of the loess because both vertical and hor- a 
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ple Denver Residence No. 2.—It is commonly believed that wood-frame houses 

é are not subject to damage from foundation settlement. ‘The foundation failure — 

of Denver residence No. 2, selected for examination , refutes: this premise. _ 4 
This building i is a large, well-constructed, - wood- frame house located south of J 
Denver 0 on a westerly drainage. The house was completed in the fall of 1953, — 

and no significant cracking was noted until 


oni Test pits drill holes were sunk at the locations indicated i in 10. 

_ Moisture-content data and undisturbed samples for laboratory testing ae = 
obtained for both the material beneath the footings and ‘that at some 
8 distance away from the house. _ The location of a septic- -tank drain field and 
the results of the moisture-content tests are shown in Fig. 10. In holes 1 and 
2 located outside the area, the natural water contents are almost all on the — 


order of 10% Below contents average more than 20%, 
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were considerably more plastic. Undisturbed specimens subjected to estimated 
Pea 7 load in Fig. 9 shows how the specimens changed in density throughout the __ 

test, and how these specimens consolidated greater amounts for equal load 
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indioting re supporting soil became wet. . The materials were found to 


sities were low, ranging from 76 lb per cu ft to 95 lb per cu ft. Seay .. 


Eris 


_ Laboratory test results on representative samples, shown i in Tig. 11, identi-— 
fon the loess at this site as being the s ame as that at Denver residence 
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—Denver AREA Loess, Resipence No. 2 


No. 1. The materials were also similar to Missouri River Basin loess except 7 
that both the sand and clay contents were slightly higher. at The consolidation — ve 
q “4 curves, plotted as s dry « density ve versus load, show the comparison of these prop- 
erties with those of the Missouri River Basin loess. The Denver loess ex- 
hibited s similar collapse with, wetting at low but the 
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vtillomnatis were even more pronounced. _ Again, the criteria established to 
= the structural properties of loess in one area on the basis of density 
alone are not safe to use in other areas without full investigations. = = ¢ 
> In the case of Denver residence No. 2, the cause of failure was attributed to a 

saturation of the loess by the sewage drain field. This saturation caused move- 

ment with the resultant rupture of a water pipe, , which then wetted the founda-— 


tion thoroughly, causing still further movement. 
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In the case case of the foregoing two residences, a , foundation investigation . 
competent engineers equipped to perform consolidation and shear tests in the 


Both of these buildings could have been supported economically on | tiie = 
“ii place concrete piers founded on bedrock that was at shallow depths. | This i J 
type of foundation has often proved to be as economical in the Denver area as — 
the usual spread-footing construction, "particularly in instances in which the 


Mi issouri River Basin Area Loess. —Missouri River Basin loess is composed 


He | primarily of silt-sized particles bonded together by small amounts of. mont- 
7 morillonite-type clay to form a typical, porous, open structure. ee 
Natural loess normally occurs at densities ranging from approximately 75 
tb per cu ft to 95 lb per cu ft. * ‘Upon wetting, low-density loess (less than8O 
ob per cu ft) settles excessively and has low shear | strength. — 7 At densities of 7 "s 
____ from 80 Ib per cu ft to 90 lb per cu ft, these properties improve, and at densities e 
greater ter than | 90 per cu ft, the loess i is of loads normally 
At low moisture content (15% or ae natural loess will support the nor- 
wa assigned loadings for silty soil regardless of density. At high natural ~ 
moisture’ (more than 20%) the supporting capacity depends on the density. 
a: - Plate-load tests indicate that the bearing power of low-density loess may 
a be more than 5 tons per sq ft in the dry state and as low as 0.25 ton ‘per sq ft 
when wetted. 
Reliable density-in- -place measurements cannot be made by standard pene- 
“tration tests. _ Estimates of the e bearing capacity of loess can be made by 
os tests if there is assurance the loess will never become wetter than at the time of Pos ‘i 
_ Presaturating a loess deposit will not necessarily ( cause consolidation by the — 
weight of the loess stratum except, perhaps 8, when the density i is very low. An 
external load, applied by embankment construction or by. ot other methods 


gr 


the loess is wot,, will cause consolidation. Ww 
-_ Denver Area Loess.—This loess is better graded and contains more clay than © 
that ofthe Missouri River Basin, 
a Settlement and shear-strength properties of the wetted loess are even n more 
unfavorable than for the Missouri River Basin loess. _ We 
__ The density criteria developed for Missouri River Basin loess are not valid 7 wi 
- for that in the Denver area. The criteria for the moisture content t required to es 
cause loess-structure collapse appear valid. 5204 of 


ad In residential areas, wetting of foundation loess i is pak ng by lawn os 


— 
settlements. Therefore, residences should not be founded on loess 


plete. foundation investigations by competent soils engineers show that tthe 


material will support the building even after wetting. » ane an 


q — 
— 
4 
— 
— 
— 
— 
7 
7 
i 4 
a 
a 
| 
— 
— 
| — 
— 
“4 — 
a — 


« ON LOESS 


_ Harry R. Cepercren,® A.M. _ASCE.—In presenting the experiences with 
loess in two areas of the United States, the author has described a type of soil 
that has rather remarkable and spectacular properties. . Examples of founda- — 
tion failures resulting from great losses in strength c caused by the saturation of " 


treatment of slopes to the is also 
a Loess deposits in some areas in the Pacific northwest have been & cause of 
to and builders. Chimneys have toppled over when wetting 


‘Mean re resets of 140 tests 


elo 


Fro. 12. —Loss In § ine BY WALLA Lorss 
their foundations was not controlled: "Airfield and highway pavements have 
settled a and cracked badly when water ‘was permitted to penetrate through 
ures have been common wherever loess has been encountered ; however, diffi- 
culties with this type of soil can be ‘minimized if its characteristics are con- 
sidered. The loess in the area near Walla Walla (Wash.) is predominately 
silt, “with the clay content ranging usually from 8% to 20% and the sand ¢ con- | 


- California Bearing Ratio (CBR) tests before and after soaking, i increases rapidly 
with: decrease in 1 density, as illustrated by the curve in Fig. 12. _ This curve 
oy ~ represents the results of 140 CBR-tests on Walla Walla loess in the unsoaked — 
and soaked condition. The tests were made on undisturbed samples inten: 
_ from the subgrade of a newly constructed military airfield. aed Se ae 


Senior Ma Materials aod Boer. State Div. « of Highmege, Secramento, 


_ joints or cracks and to wet the subgrade. Other structural problems and fail- 
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structure of loess is of great interest to 


7 Bg iv to eliminate structural failures, its low resistance to erosion may lead 
to failures that can endanger life. For example, an earth dam located in the 


Walla Walla area will never be capable of functioning as the designers intended 
_ without major reconstruction because serious erosion has occured within the _ 
structure. The soils engineers w ho | designed the 


treacherous of loess and incorporated features that should have guaran- 


. Major excavation and recompaction of the loess founda- __ 
reduced settlements to tolerable amounts. An internal drainage blanket 


the inspector and the 


~pipe drain and out of the dam within two years after its completion. This 
inherent instability greatly impared the usefulness of the : structure, , which 
- : would have been of great value if the intentions 1s and concepts of the designer ‘ 
=e loess r must be used as . the foundation for a ma major segment of an 
arth dam or levee, ‘designers ; and builders should take unusual precautions to 
as _ avoid designing or building an unsafe structure. Furthermore, those familiar 


re. with the properties of loess should be e available for cor consultation throughout a all 
"stages s of the project. 


cubic yards of compacted loess were washed the blanket a 


Ratps B. Pecx,* M. _ ASCE, AND Hersert O. IRELAND,’ A. M. ASCE 


distinct service | has been performed by the author in summarizing his experi- 


ences and those of the USBR with loess, ss, a material about which too little is 
_ known despite its widespread distribution. The writers hope that the paper 
will stimulate the publication of many other records of experience with loess. — 
| & ‘Since 1949, engineers a at the University o of Illinois, at Urbana, have collected — 
7 teat data and field observations concerning loess, not only in the Missouri River | 
Basin but also i in the contiguous loessial areas of the } Mississippi and Illinois 
Rivers; ps participants in this work have been Thomas 8. Fry, J. M. ASCE, Tien 7 
Hsieng Wu, J. M. ASCE, Leonardo Zeevaert, A. M. ASCE, and James J. Pear 
son, Jr., J. M. . ASCE. _ Sites from which data have been obtained are shown i in 
13. These sites extend from the semiarid rey regions, with which Mr. Cleven- 
ger’ 8 experience has been associated, into the semihumid areas of the central _ ; 
Bh _ lowlands. - Against this broader | background of climatic conditions, the experi- 
ences and correlations of the author have a regional aspect and, if not interpreted | E 
a in this light, might give a restricted or narrow conception of the physical if. 
erties of the material. | The writers regard loess not as a soil of remarkably — 
constant and uniform properties, but as one possessing local and regional a tas 
. almost as striking as those of some glacial materials. ts 


me, The strength and rigidity of loess appear to depend to a considerable extent — . 


on the moisture content of the clay binder, which is reflected in the moisture ie Si “4 


= of the soil as a whole. This is admittedly a broad generalization, to an 


7 Associate Prof. of Civ. Eng., Univ. of Illinois, Urbana, Ill. Ans 


dam were fully aware of the = 
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IRELAND ON LOESS 
(ON LO) 


which there: are many exceptions, but it serves as a point for a discus- 
sion. The writers’ data indicate significant differences in the structural prop-— 
‘erties of loess from different parts” of the ‘United States that could not be - 
correlated strictly with such index properties as grain size, density, or penetra-_ 

_ tion resistance. _ However, an instructive correlation was found to exist between — 
i average natural water content of loess deposits and the average annual _ 
. This correlation indicates that the a 

‘behavior of loess in humid regions should be expected to differ from that in _ 


= Kan. 


eee for the strength or compressibility of loess, particularly within a limited it 
geographical area. ‘Two ) more dependable measures of compressibility are 
lieved | to be the load at 3-in. settlement of a 1- ft-sq plate, and the pressure 
= corresponding to the break in the curve of e versus log p from a standard con- 
~ ‘solidation t test on @ hand-carv ed | sample ; ei is the void rai ratio and p is is the load per 
“unit area. If an attempt is made to correlate either of these quantities with  - 
_ the N-values for one part of the United States, no trend is apparent ; N is the 
of blows per foot from the penctzation test. In In Fig. 15(@), 


— 
= 
| 
— 
— 
a 
— 
— a 
— 
— 
— 
— 
— 
— 
— 


: 


4 


IRELAND ON LOESS 


for example, the relationship i is ilies for several sites in eastern aad and 
western Illinois. The sites are represented by the solid dots in the lower left 
corner of the plot. Similarly, results reported by the USBR ,* indicated by the 7 
L open circles, show no correlation among each other. - However, if both sets of 
date are considered together, there emerges a fairly satisfactory relationship be- v5, 
tween the N-values and the results of the consolidation tests. - Insimilar fashion 
.4 _ there appears to be a fair correlation between the N-values and the results of © ; 
field load tests, as illustrated in Fig.15(0),} 
d em If the subsoil of a structure can be protected from the effects of prolonged 
Bi wetting, as can usually be done (except possibly in the case of residences), the a 


_ designer seems to be faced with two alternatives if he uses soil-supported f foot 


80 


an 


10 


- ings or a raft. ‘ila the load- settlement | curv es wih loess often exhibit 7 
fairly well-defined break (Fig. 16) marking the pressure > at which the open 

i 4 structure of the soil begins to crush or collapse, the designer may ehotae to re- 

— strict the footing pressure to a value well below the break in the curve 80 that 


the structure will ‘experience m minor settlements. However, he may choose 
a higher value and ncvogs larger settlements. The! latter alternative i is feasible | 


art 


‘en in the ‘usual ill The second alternative has attels been used by con- 


_ structors of grain elevators, whereas the first alternative is more suitable in 


oF 
connection with conventional structures such as school buildings. — “ye ae 


— 


rt of Loess Research Studies for the Ashton Pile Tet Program—Lower Platte River Area— 
iver Basin Project, Nebraska,” Earth Lab. Report N M-278, Bureau of Reclamation, U. 8. 
Dept. of the Interior, Denver, Colo., December 17,1951. 
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PECK-IRELAND ON LOESS 


I onnection with the design of two concrete towers for which the tolerable ¥ 
settlement was very small, the writers chose to restrict the soil pressure under 
me *o _ dead load to approximately 1/2.5 times the pressure at which the break oc- 
curred i in standard 1-ft-by-1-ft load tests. The tower at Princeton n (low a)rests 
ona 36-ft-sq_ raft and is underlain by 85 ft of loess. The tower at Lowden 
a Iowa) rests on a 46-ft-sq raft and is underlain by 22 ft of loess. . Typical load- 4 
, _ settlement ¢ curves | for the load tests and the observed maximum settlement for 
each structure are shown in Fig. 17; DL refers to the dead load of the: structure, 
—* DL + LL + WL to the dead, live, and wind loads. Observations uti- | ti 
-— dizing specially constructed, deep bench ‘marks were conducted for four years _ 
‘and showed no tendency toward progressive settlement. tangled 
_ The settlement records demonstrate that, at equal unit pressures, res, the settle- 
: a ment of the structures was less than approximately four four times that of the t test a 
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plates, although the he width of the structures was roughly forty times that of the 
plates. ‘The natural moisture content of the loess at these two sites was about 
23%, considerably higher than the value of 15% indicated by Mr. Clev yenger nn 
om being th the upper | limit, for undisturbed loess of good ‘supporting value. Mii doisie 
‘aa The writers are familiar with the grain elevator i in Kansas ‘cited by 
c ‘author as an example of settlement caused by wetting of the loess after con- 
struction. ‘They believe that there i is no evidence that ponding of the water a 4 
caused the settlement, but believe rather | that the soil | pressure was excessive ; 
and distributed too nonuniformly for the loess in its original condition. Ace ® 
ae to Mr. Clevenger, the elevator was completed in July, 1950, and Lheavy ; 
: rains i in August, 1950, caused ponding and settlement on the north side. Fig. 
__-:18 shows the record of movements of the elevator, the daily rainfall at the 


_ weather station in the and amount of grain in storage. 
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is seen that the took p place p: prior to July 24d uring 
¥ a period of small rainfall, but during the period of first and most rapid loading 2 
of the structure. In contrast, the heavy rains of August 9 through August 15, 
which caused the reported ponding, were ‘accompanied by minor movements, — 


i Grain, in storage~ 
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in 100000 bushels 
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24 
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Nocha 


| 4 


<— Important tilt noted 


“bon 


i's and the load on the foundation was ‘nearly - constant. y There is evidently a 
excellent correlation between movement and load, and none betw een movement . 
structure consisted of eight bins resting ona 103 ft by 501 ft i in n plan, 
with a ore ons on tl \ the south side rigidly attached te to the bins. 
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@ SOL PRESSURE 


ar 
this arrangement the ‘soil pressure was nonuniform when the structure - 
loaded ; the computed pressures are shown in Fig. 19(a). — Corresponding : settle- 
ments are shown in Fig. 19(b), approximately three months after filling. _ The 
settlement evidently depended on soil pressure instead of any other ator, 


such as wetting on the north side. 


id 
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Several lo load tests were made prior to placing ~_ concrete for the raft. - 
One indicated a settlement of 3 in. under a unit load of 5,000 Ib per sq > 
ae fits three other tests showed settlements of approximately 1.3 in. at 10,000 lb per Bs 
sq ft, but the settlements at intermediate pressures were not recorded. © 
_event th the actual | soil pressure of approximately 5,500 ) Ib per sq ft seems exces- 
sive in view of the results of the load tests. Had the loading been concentric _ 
and the settlement uniform, probably no difficulties would have arisen because Bad 


~ Bier settlements on tl the order of 1 ft are not considered unusual or unde- . 


sirable for such structures in the locality. ip, B 
rae The Kansas elevator demonstrates the crushing type of failure that occurs in 

loess. footings for the Shed downward without any accompany-— 


is the veel 
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Wie. 20.—Puncuine or Evevator Footines be 


a decrease in volume « of the loess, probably within a fairly shallow depth. pa 


_ this reason the settlement of a structure that causes such crushing should pn 
greatly exceed that of a small test plate at the same unit load. 
a Pile foundations in undisturbed loess were not cited in the paper probably 
because of the high strength of such materials in the semiarid part of the 
Missouri River Basin. The Ashton tests of the USBR indicated the necessity 
predrilling in order that displacement piles could be driven through the 
loess in that area. Only three displacement piles were driven 
preboring or jetting ; these piles reached practical refusal at depths of from 23 ft rs 


to 35 ft and did not Ge loess stratum. of the piles 
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(b) USBR TESTS, 
ASHTON, NEBR. 


60 80 100 120,0 20 40 1 
No. of blows per foot of penetration — be 


a 


7 Although the thickness of loess at many of | these sites did not exceed from 15 ft 


to 20 ft, displacement piles were driven through the loess without ¢ difficulty. and 
_ without preboring or jetting. Typical pile-driving records for step-taper piles. 
are § shown i in ‘Fig. 21. The piles driven at Chelsea (Iowa) were driven bys a 
hammer having a 3, 000-Ib ram falling 4 ft, and those driven at Ashton v were, 
as noted previoumy. The Chelsea record (Fig. 21 (a)) i is representative 
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(b) RELATION BETWEEN DRY 
DENSITY AND LOAD TEST RESULTS DENSITY AND CONSOLIDATION - 


Tine 
Fie. 22 .— RELATIONSHIP Berws EEN Dar Test RESULTS 
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Mr. Clevenger has concluded that the supporting sachin of natural loess i is ws 
; ae related to the density. — It is doubtful if this conclusion is valid 


plotted against the load at 0.5-in. settlement, as determined standard 
tests. A similar relationship i is shown in Fig. (0), in which dry density is 
2. plotted a; against the load at the break in the curve of ¢ versus s log p for the same 


“Material. Tt appears from these data that no exists 


the most and reliable measurements It is. doubtful ‘if direct- 
y ‘measurements on undisturbed samples, as obtained from 


high vertical permeability of loess, extreme care is necessary if wash aun of the 


of lined and unlined canals and d drainage channels have been in the 
Missouri River Basin loess area. Because of the aforementioned elas 
_ of loess to erosion, the slopes exposed to the weather are necessarily constructed — 

steep as possible in order to minimize such erosion In many cases slopes of 


1 on 1 have been used . The longitudinal slopes of unlined canals and ae a 


were used i in general terms in the paper. Part of the settlement occurred in 
July and with the bin loading. ‘ However, there Was considerable rainfall i in me 


nd of the Kansas elevator. words, “July’’ and “August 


the and the spur railroad track, “existed throughout the 
period of settlement. Therefore, any heavy rainfall in the drainage area would 
cause ann ne ED of water at the site. _ The fact that the tilting was late 
corrected to a considerable extent by wetting the opposite side of the 
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— | served many thin-walled tube samples of loess that have been compacted by the ne aa 
| at sampling operation until the typical structure of the loess has been completely 
A. A. M. ASCE.—Low erosion resistance isan im- § 
portant characteristic of loess that must be considered, particularly in 
a 
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elevator foundation further the « opinion that the soil structure ok 
oe - Messrs. Peck and I reland have stated that there is no correlation | between 4 
“the density and supporting capacity of loess and have presented data to ‘support | 3 
their opinion. These data show the relationship between (1) density and -— ‘an 


et test results and (2) density and consolidation- -test results for loess tested atthe — E 


2 


che 
we 


natural water content. For this moisture condition the writer agrees with the 
~ data presented, as indicated in Fig. 2. However, experience with structures 


ae _ that } have undergone foundation failures on loess shows that these failures ree 
almost always a ted with foundation wetting. Thi lusion leads to 
=v : most always associa ed wi oun ation we ting is conc usion eads to 


to be expected upon wetting, which i is particularly true for loess founda-° 


“tions of hydraulic structures that are certain to become wetted. ‘There i is 


3 discussers’ comments on the disturbance of loess samples caused during 
normal, undisturbed sampling operations are appreciated, and any possible — 


ae misconception in this respect should be corrected. However, the word “an- oa 


= disturbed" was intended to apply to truly undisturbed samples taken by : any a 
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AN ACTI NS 4 

* -FLOODWAY | FOR HOUSTON, 


BY KENNETH HEAGy,* 


The most suitable fos the flood protection t to the city Houston, 


from ; and for the straightening, enlarging, and d lining, necessary, 

of the channels of Buffalo Bayou, Brays Bayou, and White Oak Bayou. 

_ Extensive studies were made and retention and diversion of flood waters were 
considered, but the rectification of channels proved to to be the most de- 


The Tex., is located in the center of the Buffalo 


of the maximum m floods of record on Buffalo’ Bayou, Bay you, a 
FF hite Oak Bayou encompass both urban and rural properties. The municipal 7 
_ development of of the city of Houston and adjacent towns comprising the Houston | = 
metropolitan n area extend within these flood ‘plains and include “extensive 
commercial, and residential properties as well as utilities and 
transportation facilities. The center of Houston, situated at the confluence of 
White Oak ‘Bayou ‘Buffalo Bayou, has experienced heavy damages” to ‘ 
and industrial properties. Since 1945 extensive residential expan- 
sion within the flood plain « of Brays Beyou has greatly increased the damage 
potential ‘from: the floods ¢ on this stream n. The location and extent of the 
Buffalo Bayou watershed and the locations soales Buffalo Bayou, Brays Bayou, } a 


a The present (1957) flow capacity of the channel of Buffalo bank- 
full stage decreases rapidly from approximately 30,000 cu ft per sec between a eames. 


__ Nore—Published, essentially as printed here, in April, 1956, in the Journal of the Waterways and 
Harbors Division, as Proceedings Paper 926. Positions and titles given are those in effect when the paper 


Chief, Div., Galveston Dist., Compe of Engrs., U. 8S. Dept. of the Army, Galveston, Tex. 


= 
tm 
— 
| " — — 
4a 
| 
— 
= 


= 


H 


y 


l 


Gull 


ouse 
Cana 


3.000 cfs. 
North 

NITY 


Vict 


a 


Below Brickh 
» 
AND 


~ 


Tex. 


Proposed canal 


Houston City limits 


Brickhouse 


Hoverox 


aif 


Ong 


4, 


(Existing) 


— 
— 
alk 
vo 

— 
— 9 | 
— 


Fallin aw senalit basin and the mouth of White Oak Bayou, ou, mile 21. 7, to 


: approximately 25,000 cu ft per sec upstream from the mouth of White Oak oe 
. ie Bayou, and, thence, the channel capacity decreases gradually to to approximately . 
The flow Bayou at bankfull “ 
is about 12,000 cu ft per sec at the mouth and remains relatively constant | > 
to mile 8.7, MacGregor Drive; thence, the channel capacity decreases pie 
gradually to approximately 5,900 cu ft per sec at mile 10.8, Old Main Street; © 
_ 500 cu ft per sec at mile 14. 6, Willow Waterhole Bayou; and —, 
mately 1,000 cu ft per sec at mile 19.4, Kegans Bayou. 
, The present flow capacity of the channel of White Oak Bayou at bankfull aa 
a Mp : stage i is approximately 10,000 cu it per sec at the mouth and remains relatively e 
| constant to mile 1.5, Little White Oak Bayou. Above Little White Oak 
if Bayou the channel capacity decreases gradually to approximately 6,000 cu ft _ 
x er sec at mile 4.3, Yale street; approximately 3,000 cu ft per § sec at mile 14. 3, he ; 
oo: Gully; and approximately 2,000 cu ft per sec at mile 17.3, Cole | 
= ——The major storms that have occurred on the Buffalo Bayou og 
_ watershed for which rainfall data are available, together with information — 
regarding the location of the storm centers, the total precipitation, the duration 


ABLE 1—Masor Storms 


Location. uation Rainfall, watershed, 


in hours in inches _ininches — 


May 24 to 31, 1929 “Fairbanks SIG 9 
December 6 to 8, 1935 Near Satsuma 
September 23 to 25, 1941 Sugarland 9.55 
November 1 to 3, 1943 Near Alief 
August 27 to 30, 1945. ...| Near Hockley 


at the sounds and the average depth over ‘the Buffalo Bayou watershed, are 


in 1854, 1875, 1879, 1907, and 1929. The city of Houston v 
founded in 1835, and, based on testimony and records of local interests, the __ 
“maximum known flood on Buffalo Bayou, White Oak Bayou, and ‘Little 
Bayou occurred in December, 1935. During this flood some overflow 
z occurred from White Oak Bayou into Buffalo Bayou, and considerable over- a. 
Scar — flow occurred from Buffalo Bayou into Brays Bay ou. _ The peak discharge | eo 
the December, 1935, flood on | Buffalo Bay ou, White Oak Bayou, and Little aa 
- White Oak Bayou are shown in Table 2. The maximum known stages a. 


Brays Bayou between mile 14.2 and mile 2.8 were produced the flood of f & 


if & 


—_ 


_ 2“Interim Report on Buffalo Bayou and Tributaries, Texas,” House Document No. 


83rd Cong., 2d Session, = 
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Buffalo Bayou......... Eureka 294 | 40,030 
i Railroad bridge west of Stude Park 


9 


August, 1945 known stages over the remainder of the bayou 
_ were produced by the flood of May, 1929. Flood flows on Buffalo Bayou, White 


Oak Bayou, and Brays Bayou have measured by 


record j in 1941, 1943, and 1949 were of a damaging ahs on Brays Bayo ou. Bs 
Table 3 shows the maximum flood discharges during the period of record of 
the USGS stream-gaging stations. © = 


more “mile | level, in “per second. | ate vi 
Buffalo Bayou....... Addicks == | 46.6 | 11,2000 1945 
Buffalo Bayou....... Waugh Drive 24.7 83 10,900 August 30, 1945 
White Oak Bayou....| YaleStret 42 37 8600 November 2,1943 
Brays Bayou........ Old Main Street | 10.8 46.70 8, November 1943 
South Mayde Creck..| At Addicks Dam 1.3 89.98 2. 250 | 23, 1949 
Buffalo Bayou....... At Barker Dam 90.10 2,840 30, 1945 é 


Frequency of ‘Flooding.- —Table 4 shows t the approximate fiood-staged dis- 
charges at selected points on Buffalo | ‘Bayou, White Oak Bay ou, and Brays— 
Bayou, and their frequency of occurrence. Frequencies are based on the 
_ assumption that Barker Reservoir and Addicks Reservoir do not exist and that © 4 
‘runoff occurs under 1950 watershed and channel conditions. _ a 


‘TABLE —Frequency OF DISCHARGES in 


mip, 


Discharge, in 


Above Waugh Drive 726 


under 1950 conditions represents an estimated discharge of 5,900 cu ft per 
_ Howev er, during the period of record, flooding has occurred at less discharge 
because of varying channel conditions. As shown in Table 4, the frequency 
of occurrence of flood eats at Old Main Street is} approximately once each | 


| 
— 

ae 

— 
| 
= 1 
a 
a 
x 
White Oak............... 


=, 


(Table 3) is 
8,120 cu ft sone sec, which i is poured 1. 4 times the estimated flood-stage discharge. 


a ol Following the destructive floo of December, 1935, which caused the loss — 
of eight lives, damaged property in Houston to the extent of approximately — owe 
$2,500,000, and severely hindered navigation in the Houston ship channel,a 
by federal flood-control project for Buffalo Bayou was authorized by the 
ai and Harbor Act of June 20, 1938, and the Flood Control Act of August 11, 
1939. This project authorized improvement of Buffalo Bayou and its tribu-_ 


taries above the Houston ship channel turning basin to provide for the scontrol = 
_ of floods, the protection of Houston from flood damages, and the prevention of 
_ the deposit of silt in the turning basin by use of detention reservoirs, enlarge- 
< ment and rectification of channels, the construction of control works, and any — 
, 7 In 1940 the Corps of Engineers, United States Department of the Army, 
and the Harris County Flood Control District (the state agency representing - 
- local interests) formulated a joint general plan of development for the detail — 
design and construction of flood-control works on Buffalo Bayou. — The basic 7 nd 
_ features of this joint plan, with subsequent minor revisions, were: _ awe 
a. Construction of the White Oak detention reservoir, the north diversion — 
J canal, and appurtenant v works to prevent discharging flood flows from upper vs 
| __b. Construction of Barker Reservoir and Addicks Reservoir i in the vicinity _ q 
of Addicks to control the runoff 1 from upper Buffalo Bayou, and of the south a } 
‘diversion canal, including 7.4 miles of "channel rectification from the twin 
reservoirs to Galveston Bay to prevent this runoff, from. passing the 
Removal of obstructions in 1 the channel of Buffalo ou within the 


ab a 

the prevention of dumping of on the existing 
streams wit within building limit thing 


a 


diversion plan? (Fig. 1) was ‘considered desirable because during 1940, 
oer it was being considered, the enlargement and rectification of the channels © 
of Buffalo Bayou and White Oak Bayou, which involved « excavation of large _ 
 gagiinn of material; the alteration of many of the present bridges or their = 

replacement by larger and more expensive structures; and the construction of 

Special works to protect: the Houston ship | channel from the deposition of silt 
Md during floods would have been more expensive. Under this diversion plan, 
Barker Reservoir and Addicks Reservoir were completed and 1948, 


div ersion into the proposed south canal was completed i in 1948. 


* ‘Report on Houston Ship Channel and Buffalo Bayou, Texas," House Document No. 456 (published ‘. 
-intpart), 75th 5th Cong., 2d 2d Session, 1937, STACY 
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‘Houston’ ‘and other communities on, or in the vicinity of, the sites of the sonar 
_ White Oak reservoir and on or in the north and south canals so increased the — 
a cost of the proposed White Oak reservoir and of the north and south canals 

- that it was impracticable to construct these features at that time (1957). 

_ The area along Brays Bayou has been highly improved by recent extensive | 4 
-— urban construction and is subject at this time to potentially severe flood — 
damages. . The project formulated in 1940 ) would not provide adequate flood 

- protection to this area. The south canal feature of the project would provide — 

only s such incidental protection as would result from the diversion of the runoff | 

from the upper parts of the Brays Bayou watershed. Therefore, it has 


: — view of these changed conditions, the local interests obtained authority 

: for a review of reports on Buffalo Bayou to determine the ‘best comprehensive — 
7 "4 plan for the betterment of navigation in the Houston ship channel and for the © 
ha control of floods throughout the entire Buffalo Bayou watershed, including ; 


modifications of the existing plan of improvement and of the requirements of aq | 


it was decided to formulate a partial of improvement for the 
- Buffalo Bayou watershed limited to ‘providing flood protection to Houston, 
and to prepare an report thereon. Because Buffalo Bayou above the 


tion of plans for control of floods on those streams. 
= Investigation of plans of improvement indicated two basic plans as being 

7 most feasible for } providing flood protection to Houston. The main feature of 
one plan is the diversion of parts of Buffalo Bayou and Brays Bayou to the 

_ Brazos River. - The other pian i is for the enlargement and rectification of the 

q natural stream channels to 0 carry the flood sacha through Houston without _ 


_ Each plan is designed to provide the same degree of | flood protection to 

4 ums is, to control the standard project flood to /nondamaging _ 
3 through the city. The benefits, consisting principally of prevention of flood | 

_ damages, would be approximately the same and are estimated at $3, 345, 000. — 

_ They are estimated on the basis of present conditions wi 

growth and would result from the complete plan of improvement, including — 
“ay the two existing reservoirs s and channel 1 rectification, and the proposed cha channel - 

a _ The estimated first cost, the estimated annual charges, and the ratio of — 


4 the "flood ace in Houston, the investigations ' were limited to the determin 


am of existing B: Barker Reservoir and Addicks Reservoir and the existing 1 recti- 


_ annual benefits to annual charges for each plan of improvement, including the 7 1 ; 


fied channel, are presented in Table | 5. ~ Construction costs are ‘based on 
December, 1950, prices. and damage costs based on appraisals: 


— 
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there are , several features 0 of the former r plan which lessen its desirability. 4 These — 
features have not been evaluated and are not reflected in the economic ratios 
at given in Table 5. Two considerations are the greater length of improved chan- 
that would require maintenance, and the possibility that all phases" 
i channel maintenance have not been given comparable treatment. Also the 
-" Brazos 8 River flood plain would be su subject to increased flood damages in the 
event of coincident floods on the two watersheds. Available data indicate that 
= certain coincident flows from Buffalo Bayou and the Brazos River may cause 
increased damages of $500, 000 in the Brazos River flood plain from a single ~ 


- flood, and that the increase in ‘average annual damages i in the plain, resulting ie ~ 


from diversion of the Brazos’ River, may exceed a range of from $50,000 to 
~ $100,000. — Furthermore, Brays Bayou and its tributaries would suffer damages 
- from backwater from high stages on the Brazos River which, when concurrent om 
with floods on Buffalo Bayou, would interfere with the functioning of the — 
diversion channel. These factors are serious Ghusiventdiges a and would reduce ~ 
the favorable economic ratio of the diversion plan. ons Yo 
In addition to the unfavorable engineering features of the diversion plan, — 
there are certain legal aspects that arise from the diversion of water from one , 
_ watershed to another. Local interests would have to obtain : any “necessary 
_ TABLE 5.—Esrimarep First Cost, ANNUAL CHARGES, AND 
tT Ratio oF BENEFITS TO CHARGES 


Plan of improvement First cost Total annual charges 


plan... é $61,761,000. + «$2,775,300 #| 


for the diversion ; furthermore, t they would have to as assume 


. ‘lack of estimates o of the damages, the Harris County Flood Control District _ 


adv ised that it would not be able to a assume the liability for such damages. x 


we Examining all aspects of the diversion plan, evaluated features, unevaluated 
| and intangible features, and engineering and legal difficulties, it is considered — 


_ The rectification plan provides for a partly lined channel for most of _ . 


Brays Bayou and White Oak Bayou. Paved channels result in better flow _ 
conditions. They require less area of rights of way, and, being more stable, — 


are easier to keep free of objectionable stagnant Io 
_ There are several parts of Brays Bayou and Buffalo Bayou that are in © 


On the basis of investigations to date, the best. treatment of the channel © 
cannot be determined. It may be more economical to provide vertical sheet- 
pile walls at these points than to provide for sloping sides. (The ec cost estimates fa 
ey sufficient to include several sections of wall should they prove necessary. pe? oe 
_ From the standpoint of navigation, any channel rectification work by itself i. 


would be detrimental. Howey ever , Barker Reservoir and Addicks Reservoir 


areas with | structures: built o n the banks of the streams. 
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in the ship during floods. proposed desilting basin im- 
mediately upstream from the Houston turning basin, provided with the — a 
a rectification plan, would reduce the quantity of silt that may be carried — 4 
Al from White Oak Bayou and upper Buffalo ‘alo Bayou into into the deep-draft ee + 
A desilting basin is considered to be a necessary feature of the wore 4 
plans to protect the Houston turning basin from excessive sediment deposition y i 
during floods. The basin would reduce the quantity of maintenance dredging 
4 required in the turning basin and ship channel. However, es - 
deposits would have to be removed from the desilting basin after each flood: 
The total maintenance dredging would be approximately the same with or 
without the desilting basin and, therefore, probably would not differ materially 
“from the amount that is required under present conditions. Because main- 
tenance of the desilting basin would reduce the necessary maintenance of the 
turning basin, this work should be part of the cost of maintaining the existing 
- navigation project, and should be done by the United States under the Houston 
ship channel navigation project at no increase in the estimated cost of mainte- — 
“mance. 5 The authorization of the existing navigation project, which provides > 
for construction and maintenance of off-channel silt basins, would permit the — 


initial funds for the desilting basin will be provided under the flood- control r 


project. 


‘The Buffalo Bayou watershed is in an area subject’ to all the conditions 7 
_ that make large storms possible. The Westfield, Tex., storm of December, | 
1935, was the most intense storm during the period of record. _ However, had 
this storm been centered over the basin, it would have produced : a more severe 
_ flood than the one that actually occurred. 
The storm of record in the United States showing the greatest depth of 
Hust over a large area occurred in 1899 at Hearne, Tex., only 90 miles from . 
Houston, under meterological conditions that could be approximated closely 
over the Buffalo Bayou watershed. After due consideration by Corps of Engi- — 
iheers and United States Weather Bureau personnel, it was concluded that the 
maximum probable storm that might occur over the Buffalo Bayou basin was 
a transposition of the Hearne storm of from June 28 to July 1, 1899. - Should — 
such a storm 7 the area,” the average rainfall over the basin. would | be in 


a 
™ 


4 


Addicks Reservoir and Barker Reservoir are of such magnitude as to limit : 
- the runoff produced by the maximum probable storm (design storm of 31.4 in. 
in a period of three ¢ day ach maximum total regulated discharge of approxi- 
mately 15, 000 cu ft per sec. - The ultraconservative design capacities of these 
a reservoirs were ci considered justified because failure of either dam might result in sf 


loss and ‘damage { far in 1 excess of their cos cost. he 


wor 
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toga order to achieve 1 more uniform results in in the hydrological investigations 7 


of its field agencies, the Corps of Engineers has developed the concept of a 
 gtaaidadl’ Project § storm and a standard project: flood for its flood-control 7 
_ investigations. A standard project storm for a particular drainage area should — 
"represent the e most severe flood- producing rainfall quantity-intensity sequence 
- relationship and areal distribution of any storm that is considered reasonably J 
_ characteristic of the region in which the drainage basin i is located, giving due — 
consideration to the runoff characteristics of the basin. 
The standard project fi flood is the runoff from the standard project storm. 7 7 

- This flood represents a practical measure of the flood potentiality of a particular — ; 

- drainage basin, corresponding to storms and rt runoff conditions observed in the i 
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Fie. 2.—GENERALIZED ESTIMATES OF THE Maximum PossIBLE PRECIPITATION, 
INCHES, OVER AN AREA oF 200 Sq Mites 1n 24HR 


region on sufficient number of occasions to demonstrate that a distinct 
exists of. such a flood occurrence. The sta nda rd project flood reflects 


events. statistical probability of occurrence of this standard 


_ Project flood is not of primary importance. _ The principal purposes of the 
a. To serve as a standard against which the degree of protection finally ¢ 
selected for be judged s nd compared with protection provided 
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analysis of limited flood records at the specific locality, which may be mis- 
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wale To represent the flood discharge that should be selected as iiastediia 
flood for the project, or approached as nearly as practicable in consideration — 
% “of economic or other governing limitations, if an unusually high degree of 
"protection i is justified by hi hazards to life and high property values within the 


| 


The standard project flood used in n the investigation of Buffalo Bayou is | 
a” derived from | an over-all study made by the Corps of Engineers | of all recorded : 


basins of 1,000 sq miles or less.1 The 105th meridian crosses the cell 
western tip Texas, and Buffalo Bayou, therefore, is located i in n the area 


based an of major convective-type storms and 


avis aie 


200 sq for a duration ‘of 24 be was used as the unit for 
and correlating the storms. = 


_ The average depths of 24-hr rainfall over an area of 200 sq miles for all 


"< ‘oeneen that have been inv estigated to date were plotted i in their pie feat 
positions. — _ Generalized isohyets representing maximum possible 24-hr rainfall 

— over 200 sq miles were | obtained from | the United States Weather Bureau 
Fig. 2) and superimposed on this map. Studies of the relationship between — 

_ Maximum possible rainfall and the major storms of record indicated that, in 
“4 general, 50% of ‘Maximum possible rainfall ‘includes all but approximately 
of the major storms of record. Accordingly, 50% of the maximum 


4 4 Civil Works Bulletis n No. 


-8, Corps of Engrs., U. 8. Dept. of the Army, Washington, D. C., 
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standard project. storm isohyetal pattern that is used i in the 
- "design c of the Houston project is shown in Fig. 3. The rainfall values shown 
on this pattern were derived by multiplying the index rainfall for the locality — 
shown on Fig. 4 the percentages shown on the pattern. 
After fitting the standard 
being the maximum peak tien total storm 
volume is determined i in the usual way by planimetering the isohyetal patterns a % 
= determining the » averag 
divided into four 6-hr periods in accordance with pivberitnges' determined in 
_ the over-all study. The Buffalo Bayou standard project storm has an average 


- depth of 19 in. over 200 sq miles in 24 hr. For this depth the time distribution 


$ 


— Generalized index ‘rainfall 


A oF 200 Sq Mites 1n 24HR 
of rainfall for is as follows: First period, 9.5%; second 
period, 20.1%; third period, 56.7%; and fourth period, 13.7%. Infiltration — 
— losses of 1.0 in. for the first period and 0.6 in. for each of the three remaining ' 
_ periods were subtracted to obtain the rainfall excess. This excess was then de- 
veloped into the standard project flood by use of the Snyder Unit Hydrograph bp 
Method. The coefficients used were determined from the reproduction 
= floods on Buffalo Bayou and itstributaries. boot 
‘Under existing and improved conditions with Addicks Reservoir and 
Barker Reservoir in operation, the peak flows that would be produced by the F.- 
standard project storm fitted over the principal parts of the Buffalo Bayou 
are in Tables: 6 and 7. For comparison the peak flows that 
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ConsTRUCTION FEATURES OF THE RECTIFICATION PLAN 

bode previously stated, the rectification plan provides for the control of the > 
standard project flood to nondamaging stages by detention storage in Barker 
Reservoir and Addicks Reservoir and by enlarging and rectifying the stream 
Hf Barker Dam and Addicks Dam and Existing Rectified Channel—These 7 


are considered to be a part of the rectification mm plan. is to 


TABLE 6.—Peax Fiows Propucep sy STANDARD PROJECT Sromu 


4 


storm 


Buffalo Bayou above mouth of White Oak Bayou 500° 


q 


increased 50% 


White Oak Bayou at mouth 25, 200, 24, 


4 Buffalo Bayou below mouth of White Oak 

TABLE 7 _—CoMPARISON OF or STANDARD Prosect 
FLoop Diversion AND CHANNEL RECTIFICATION PLANS 


SN Frows, Cun 


4 


Diversion plan Channel rectification 


Buffalo Bayou above mouth of White Oak Bayou oe eo 31,300 
Buffalo Bayou below mouth of White Oak Bayou 34! $00 


Buffalo below Brays Bayou 700 


Bayou below Kegans Bayou.... 
Brays Bayou at Old Main Street........... 15,800 
Brays Bayou at mouth A 


operate e: each reservoir with the three gated conduits remaining closed and od 
Oh discharge through tl the two ungated conduits during passage of floods: 
through the reservoirs. The combined flood- peak discharge from. the two 
__ ‘Teservoirs would be approximately 6,700 cu ft per sec for the standard project 
4 flood. The existing rectified channel has sufficient capacity to carry: the 
standard project flood and would not be modified. uni a, thal 
_ Enlargement and Rectification of Buffalo Bayou.—It is proposed to enlarge 
and niger — Bay ou | from fhe turning basin of the Houston ship channel, 
exiting channel rectification, ‘mile 43.6. 
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in cross 

reaches where development i is such ‘that channel paving or use of 
flood walls is more feasible to obtain the necessary capacity. This ae 
7 includes a.  desilting basin just above the turning basin to o reduce the amount — 

— of silt entering the turning basin and the Houston ship channel. | The proposed — a 
basin would have a bottom width of 300 ft at El. —25 ft, mean | sea level,and = 
length o f 686 ft. In addition it is’ roposed to construct. erosion-control | oe 
works in the channel above the turning basin. 

Rectification of Brays Bayou.—It is proposed ) enlarge and rectify Brays 
_ Bayou from its mouth to Westheimer ‘Road, mile 25.5. The proposed channel 
bars@13"each 
way, centered in slab 


03 ha DETAIL A nails yest it: Sodded slope pun 


26' meat >< 10' 


SECTION B- 

See detail A 


7S Symmetrical about t 


be 25.5 miles long and trapezoidal in cross section. — rete ch aa 
lining will be used on the lower parts of the slopes and on the bottom of the 
_ channel from tide water, mile 4.4, to Kegans Bayou, mile 19.4 The side — 
_ slopes in the tidal section and from Kegans Bayou to the upper end of the the 
improvement, mile 25. 5, will be sodded with of 23 to 1. Fig. 5 shows 
; ty ypical section of the partly lined channel, 
Rectification of White Oak Bayou- —It is proposed to rectify White Oak 
_ Bay ou from its mouth to the Burlington- -Rock Island Railroad bridge, mile 
18.5. The proposed channel would be about 8.9 miles long and —— 
in cross section. ~The plan provides | for concrete channel lining except that 
the upper parts of the slopes would be sodded. Lining is considered necessary mi 
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Changes in Utilities —The proposed channel enlargement and rectification 
- Pong will necessitate changes in five railroad bridges, nine highway bridges, = 
and in some utilities adjacent to or across Buffalo Bayou; in eight railroad — at 
bridges, nineteen highway bridges, and in some utilities adjacent to or across 
3 Brays Bayou; and in a highway bridge across White Oak Bayou. fon eobsbyati 
_ _Miscellaneous.—The estimates of cost for the proposed plans of improve- 
include allowances to provide for any erosion-provention (works that q 


eae prove necessary in those channels in which no protection was provided. as 


r The development of a comprehensive flood-control plan for a rapidly 
growing city such as Houston becomes complex if the plan of improvement is" 
not accomplished before conditions change radically in the city and the sur- 
rounding area. The comprehensive plan for protecting Houston from floods — 
has already been modified once and may have to be modified again a 


completion of the most recently authorized plan of i improv ement. _ 


= tian and the relationship that was assumed between rainfall and me 4 
is valid only as long as the watershed area does not radically change. . Should 
- the drainage system of the watershed be greatly improved in the future, much | 
_ higher peak discharges will result; it may then become necessary to provide 
additional flood-control for Buffalo Bayou ou, Brays Ba Bayou, and 


= 


Ta Much of the nee matter and tables of computations for this paper — 
were taken from reports of the Corps | of Engineers, which were prepared under 7 

; di the writer’s general supervision by members of the Planning and Reports Branch, 
Engineering Division, Galveston District, ‘Galv eston, Tex. 
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SEDIMENT- TRANSPORT MECHANICS" 


IN ‘STABLE- ‘CHANNEL _ DESIGN 


‘ 
ML M. ASCE wt 


Discussion By MEssrs. Sam ‘SHULITS, 


three requisites: for a a stable alluvial channel are explicitly stated, 


there is not enough information on Ae mechanics of sediment transporta- 

_ tion for this theory alone | to be used with confidence in the design of an alluvial __ 
channel. However, there i is sufficient information available on transport a 
theory to aid the designer in using: engineering judgment. _ In part, this aid 
consists of dispelling confusion by demonstrating that design methods ‘and 
criteria that are seemingly different are instead basically equivalent. fenoitalor. 

definition, a stable, sediment-bearing canal in erodible material must 
L only convey the required water discharge, but must also transport the sediment 
_ load supplied and must not scour or silt either the bed or the banks. — ‘These 

3 three factors delineate the designer’s problem—the solution of which is usually v 
single valued. m1 However, there are exceptions because there may be a narrow . 
but finite | range of flow conditions above which the banks will not be affected Ta 
by silting and below which erosion will not take place. _ The designer’s prob- 7 


lem is the selection of the “correct” “combination o of slope, s size, and shape of —* 


ere 


= Nors.—Published, essentially as printed here, in August, 1956, in the Journal of the Hydraulics Divi- 
sion, as Proceedings Paper 1034. Positions and titles give al 
‘approved for publication in Transactions. 
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method of their application to design is illustrated. The use of these formulas 
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Channel, which will result in a stable canal for a particular compination Of wa er 
discharge and sediment load (or range thereof) materials 
7 


in selecting the correct combination stems from an always limited personal 


each of the factors in the previous definition—a flow equation, a sediment- — 


— 

CHANNEL DESIGN 

_ through which the canal must pass. The selection must be based on personal 
_ experience guided by st such n relationships as have been deduced from general ex- 


perience with existing channels and with laboratory flumes. ~The difficulty 


experience and from a lack of confidence in the guiding relationships See ¥ 


In order to design a stable channel, three relationships are needed, one 


transport equation, bank-erosion criterion. _ Although the flow condi 


ON 


abe 


the use of equation the assign, arbitrarily, a numerical 


iv 


A 


This form of the flow equation was widely accepted because it was generally 
believed that the coefficient, n, was primarily, if not entirely, a function of — 


the sl material. "Although it is realized that n n ‘ean be affected by | 


n-values for channels to that thes can 
be found. _ The importance of this fact is self evident, but it is noteworthy ; & 
because » the same sort of helpful information is needed for. ‘the other two 

Sediment transportation will affect the flow, and, hence, it will be reflected 4 : | 
in the flow equation in so far as it affects the discharge coefficient. _ Dunes are 4 

almost always associated with the transport of sediment; the 
efficient, which i is the it inverse | of the | discharge coefficient, | is affected | by the 4 


rate of sediment transport is one of the several criteria that should be con- 
sidered i in appraising the similarity of channels. 
‘Two attempts to relate the Tesistance coefficient to sediment transport 


should be mentioned. Hans A. . Einstein, M. ASCE, and Nicholas L. Bar- 


_ “Some Effects of Suspended Sediment on Flow Characteristics,” b: Vanoni, Bulletin No. 34° 
Frocesdings of the 5th Hydraulics Conference, Univ. of Iowa Studies in Na % Xen City, Iowa, 1953, pp- 
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clarity they will be consider: 

the three relationships needed for the desi 
the flow equation is the best understood. Basically this relations 
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A.M. ASCE, divided the bed resistance into parte, one due to the he 
sand roughness and the other to bar or dune the 


in which K. is the diameter (measured in feet) of the particle size coarser than | 


65% of the sediment. After eliminating bank effects in narrow channels, the 


s _ effect of the sand roughness was subtracted from the total resistance, and this 
remainder was related to a modification of Einstein’s function for the trans- 


art James R. Barton and Pin Nam Lin‘ have iil a relationship between 


a _ the Chezy coefficient, the Reynolds number of the flow, and the ratio betw een 


‘the: sediment size and the hydraulic radius. . Although transport does 
not enter the relationship explicitly, the data were obtained from the flows trans- _ 


z Both of these proposals are so new that there has not been sufficient time to 
_ However, they both bypass the — 
Bee of predicting dune size, ¥ which i is probably the major effect of ‘sediment - 
- transport on resistance to flow. 7 Alvin G. Anderson,® A. M. ASCE, obtained | 
a solution for the length of dune as a function of the Froude number and 
_ presented a limited quantity of data corroborating his mathematical solu- — - 
tion. | ~ His solution had a limit of a plane bed in which the dune length became — 
- infinite. In addition, he presented one example of a plane bed at a Froude — 
_ number of 1 : > However, a plane bed (that i is, one without dunes) has been +8 
obtained at a Froude number as low as 0.85 from measurements taken at the 


_ Towa Institute of Hydraulic Research at Iowa City. The sand in this experi- a 
ment was 0.1 mm in diameter—finer than the sand of Anderson's example. _ 
; bh: It is possible for dunes to disappear because | the dune vente reduces to iil 


tant as the ‘length. Very likely it is ‘more | a function of the size 
the Reynolds number of the flow than of the Froude number. 
The empirical equations describing stable | channels that have been de- 


veloped in India* include relationships that are, are, in essence, evaluations of the fen 


Chezy C, just as the Manning equation is. >i These flow relationships naturally 
are subject to the s¢ same e criticism that i is often made of other Indian air a 
tailored 


fit conditions of that area. This criticism, , although valid, does not mean that 


8“River Channel Roughness,” by ‘Hans A. Einstein and Nicholas L. Barbarossa, ASCE, 
"A Study of Sediment Transport in Alluvial Channels,” by J. R. Barton and P. iN, Lin, Research — 

_ Report, Civ. Eng. Dept., Colorado Agri. and Mech. College, Fort Collins, Colo., 1955. : 

__ &“The Characteristics of Sediment Waves Formed by Flow in Open Channel,” = A. 

q Pete 3d Midwestern Conference on Fluid Mechanics, Univ. of Minnesota, Minneapolis, 7 
“Historical Note on Empirical vais, Prov Developed by Engineers in India for Flow of Water al = 

“Sand i in Alluvial Channels,”’ by C. Inglis, Proceedings, 2d Meeting of the International Assn. for Hydr. 
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should not be given 1 to modifying the to fit the 
= conditions in other areasofthe world, = 
Regardless of the flow equations and the numerical value of a resistance _ 
7 coefficient that the designer chooses, he will have placed a restriction on the 
_ physical character of the channel eventually to be selected. Before the final 
decision, two more | restrictions involving the same type of evaluation must be - 


. ai If the flow entering the canal is not clear but carries with it a sediment load, 
_ the capacy of the channel must equal the rate at which sediment is supplied 


P. DuBoys (Lorenz G. Straub) = Air (r — te) =Bin 
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House Document 238, 73rd Cong., 2d Session, 1935,p.1135. 
&“The Schoklitsch Bed Load Formula, by 8. Shulite, ‘Engineering, 139, June, 1935, pp. 
«“Neure Versuchresultate iiber den Geschiebetrieb,” by E. Meyer-Peter, H. and H. A. Ein- 
of stein, Schweizerische Bauzeitung, Vol. 103, 1934. 
4 “Studies of River Bed Materials and Their Movement with Special Relea to the Lower Mississippi 
: River," Bulletin No. 17, Waterways Experiment Station, Corps of ‘non. 8S. Dept. of the Army, Vicks- _ 
burg, 'Miss., January, 1935. 
“Anwendung der und der die Geschiebebewegung,’ 
by A. Shields, Mitteilungen, Preussische V Jersuchsanst fiir Wasserbau und Schiffbau, Berlin, 1936. 
“Sediment Trans rtation,” by C. B. Brown, Chapter of Baghhewing Hydraulics, John Wiley & 
Sons, Inc., New York, 1950, PP. 796-799. lean ma ant 


the channel for regime conditions to prevail. This requirement 


-asecond restriction on the | phy: sical characteristics of the channel to be selected. _ 

_ Some of the many sediment-transport equations for bed load that have been , 
7 proposed are listed in Table 1. This table is not comprehensive, nor is it a 

intended to rate or judge the many expressions that can be found in the litera 

ture. In fact, the problem of picking a sediment-transport equation must be m 

faced by each individual designer - All the equations are slightly different in v 

form; all are based on limited data, most of which is s obtained from the labora-— : 


tory; each fits some data better than the others; none fits all the data (w hich 
is why Gare, are sO Many); and hone has on the wide acceptance shared by 
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In Table 1, it should be noted that the equations by. Finstein’ and 
~ Anton A. Kalinske,* M. ASCE, have not been used. Instead use was made 
of modifications. — In these the original parameters are utilized, but the 
forms of ‘the equations are changed to fit the data for the high rates of 
sediment transport. That these modified equations are not strikingly different _ 
from the other empirical s¢ sediment-transport ‘equations should not be surprising, 
because in their dev elopment the assumption is made that the velocity at the — 
_ edge of the laminar sublayer, vs (whether or not actually existent), can be sub- — 
_ stituted for the velocity at the level of the moving grain of sediment, »,. Be- 
eause is, as usual, equated to 11. 6V a nd bears little relation to v,, except 
that both are sasiail and both are at levels near the bed, this is equivalent to > 
assuming: that q, is a function of r. 
— order to o compare the different transport equations more easily, they hav e 
been put into a form indicating the dependence of g, on the mean velocity, V, a 
and the depth of flow, y, by neglecting the critical shear, r., and using the — 
Manning equation | to eliminate the slope. The similarity not only. be 
these but all the commonly used sediment-transport equations can thus be | 
made apparent. One might also suspect, along with G. K. Gilbert,” that the 
exponent as well as the coefficients in the transport equation should be variable. _ 
_ If a sizable bed load is to be expected, the simplified forms can be used to 
= estimate the transport characteristics of the canal. Because it is difficult to 
- measure the the bed load or to predict the bed-material lend. entering the headworks — 
of the proposed canal, a further modification of the forms may be helpful. — 
Ps ‘For example, if the first equation in Table 1 is written for the sediment-discharge _ 
if > ratio, and then the ratios of the various parameters are taken for t the proposed a 
i: channel and an existing “similar’ ’ channel, relative, rather than absolute, values 


(e ni (e V3 (e) JL y (e 
7 is bepearyrend to note that Chezy proposed his flow equation in this ratio 
form," and that the accumulation of n-values, together with descriptions of the — 
channels, is essentially only a somewhat more sophisticated manner of handling q 
further reai rearrangement of the simplified transport ‘equations “result 


te ‘the form of the Kennedy equation and the variations thereof, as shown in q 


Lely “Formulas for the Transportation of Bed Load,” by H. A. Einstein, Transactions, ASCE, ‘Vol. 107, 


a 


aye “Movement of Sediment as Bed Load in Rivers,”’ by A. A. Kalinske, Transactions, Am. Geophysical _ 
Union, Vol. 28, No. 4, 1947, pp. 615-620. — F 


dy #“Sediment Transportation,’ * by C. B. Brown, Chapter XII of Enginesring Hydrantice, Wiley & 
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fidence on one equation, he may use more than one, or even all, as the hydrolo- 
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4 i al Survey, U. 8. Dept. of the Interior, Washington, D.C, 1914. 
| History of to the End of the 18th Century,” by S. Ince, thesis presented to the State a 
. 4s ty of Iowa, at Iowa City, in 1952, in partial fulfilment of the | requirements for the degree of Doctor Py q ‘ ae Hee: 


DESIGN 


On the basis of personal judgment, aided to some extent by the sediment- 
transport equations of one form or another, the requirement for sediment ca- 

TABLE 2.—Simitarity or Bep-Loap KENNEDY Formu.as sate 


P. DuBoys (Lorenz G. Straub) bite. 3 
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Thomas Blenché vo ites od 
othe vention of Silting in Irrigation Canals, " by R. G. Kennedy, Minutes of Proceeding, Inst. of 
Ceramic E ngrs., Vol. 119, 1895, pp. 281-290. © 


«A General Theory of Flow i ‘in Alluvium,” " by G. Lacey, Journal, Inst, of Ceramic Engrs, . Vol. 27, 
_ November, 16-47. 


a ry for Self-Formed Sediment-Bearing Channels,” by Thomas Blench, Transactions 
ASCE, Vo! 1952, p 


383-408. 
Annual Reports’ {Pechnical), Central Inrig. and Hydrodynamic Research Station, Poona, India, 


= pacity must be satisfied just as the requirement for flow capacity was satisfied, 
and as second restriction on the combination of size, shape, and slope of channel 


If the banks of the canal were vertical and nonerodible, the final selection - 
_ of channel characteristics satisfying only the first two requirements: could be 
made either arbitrarily or on the basis of economics. However, an alluvial a7 


channel will have sloping banks of erodible material. along 


— 
Table 2. The similarity between the modified transport equations and the 
ae = _ Kennedy type of equations indicates that the physical basis for the latter gl 
is the requirement for sediment-transport capacity. That only Sir Claude 
_C. Inglis, M. ASCE, has considered this factor explicitly is probably due tothe 
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_ the banks, therefore, must be such that unslianadh will not dapesitne on the banks 
and that the bank material will not be scoured. The first of these requirements — 
; will govern | for canals 8 designed for a minimum slope; the second, aos canals de- 

f the g problem 
7 requires a an understanding of in greater 
7 detail than is presently available, particularly with respect to the suspended- 7 
7 sediment load. _ Knowledge of the nonscouring problem is somewhat more 

P ~ advanced, but the bank-erosion criterion is still the least satisfactory. of the 


on occur if the forces tending: move the ‘particles are 
- ficiently large to overcome the resisting force of gravity. In the case of banks E' 
composed o of clays or other cohesive “materials, the force of cohesion will also 
5 resist movement and in fact may ; be much greater than the resisting force of — 
In associating the flow conditions in the canal to the bank erodibility, the a 
, end shape enters the problem on both sides of the relationship. Theslopeof 
_ the banks will obviously affect the susceptibility of the banks to erosion, and Z 
a the cross-sectional shape will affect the distribution of the boundary shear. __ 
Emory W. Lane and Enos J. Carlson,!* Members, ASCE, have presented the 
_ relationship for the ratio of the critical tractive force on a bank slope, Tes, to the = 
critical tractive force, 7s, as a function of the angle of the side slope and the a 
of repose of the material. That wary one she a vial 


"studies under the direction of Lane™ have attempted to obtain the distribution 


Sri 


shear ina trapezoidal section, This knowledge of the effect of cross-sectional 


‘The two formulas for ¢ critical tractive most are those 
of C. M. White“: 


and: of the late Arthur C. Shields, 6M. ASCE: adt te 


Any of the relationships for 7. of the equations i in Table 1 can also be isin 


at the discretion of the However, these may result in 


Ls “Equilibrium of Grains on Bed of Stream,” by C. M. White, Proceedings, Royal Soc. of London, j 
Series A, Vol. 174, 1940, pp. 322-334. 


16 “Anwendung der Aechlichkeitsmechanik und der Turbulenzforschung auf die Geschiebebewegung,"’ 
by A. A Shields, Preussische Versuchsanstalt fir ‘Wasserbau un id Schiff iffbau, Berlin, 1936. Be 
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The only published work concerning the resistance of cohesive materials is 


are needed to specify a stable alluy ial channel. They 


DESIGN 
ae rate of movement rather than zero movement. A criterion bined on zero. 


movement is perhaps unduly restrictive because a small degree of scour can 
uf usually be tolerated and because suspended s sediment will tend to add = 


material to the banks. Application of the relationship from the first equation 
in Table 1 will result in values of permissible canal velocities that are approxi- — 
mately the same as those given by Samuel C. Fortier, A.M. ASCE, and Fred _ 
C. Scobey,’ M. ASCE; application of the relationships of White and Shields 
will result in smaller permissible velocities. 
_ Little is known concerning the resistance to movement of clays except — 7 
that some clays can withstand very high boundary shear. One might speculate — 
_ that the resistance to boundary shear should be related to the internal shearing 
characteristics of the clay mass in an undisturbed saturated condition. — a i. 
naturally deposited material, which is not likely to be completely homogeneous, — 
the weakest part of the mass would govern. Erosion of seams or pockets of _ 
weak material would expose the adjacent stronger material to greater forces. eh - 
: ‘contained i in the paper by Fortier and Scobey, and even in this paper there is — 
insufficient information about the character of the material to be considered as 


than a rough guide for the designer. Lag 


a depth, and slope of the channel. No method is available to determine the in 


_ best geometrical shape of the cross section except examination of other chan- < 


nels. In fact, canals are usually dug to a shape easily handled by construction | EY a. 


machinery, and then the flow is allowed to hassel the shape by an — 


may be those directly stating the three requirements for the stable canal as — 
presented herein, or they may be any three independent forms derived there- _ 
from. The three independent regime-theory criteria implicitly contain these 


The difficulties of designing a stable canal lie not in using the general rela- — 

4 enahion: but in assigning numerical values to coefficients and in choosing a 
formal equation. The essence of design procedure is shown in Fig. 1. — Choice 2 
of the equation form and numerical values to describe the sediment-transport 2 ‘ 

oy capacity will fix a relationship between the mean velocity of flow and the depth — if 

flow, as indicated by the heavy curve in the schematized diagram. 

~ choice of the equation form and numerical values to describe the flow capacity 
will result in a family of curves relating velocity and depth for various canal 

- slopes, as indicated by the dashed curves. The dot-dash curve of constant _ 

- tractive force « desc ribing the bank competence where it intersects the transport- 

2 capacity curve will specify one of the family of flow-capacity curves. The _ 
_ velocity, depth, and slope are thereby fixed, and the width can be o obtained from y. 


_ “Permissible Canal Velocities,” by 8. Fortier and F. C. Seobey, Transactions, ASCE, Vol. 89, 1926, 


third relationship, together with the first. ‘and ‘second, fixes the 1 width, 
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ANNEL DESIGN 


The 


rigorous theory could for a full-scale canal. 
is by observation of similar canals that the designer can assign the needed 


st 
af} of € at he P tise 


sealing the proposed and existing conditions as 


- ratios, the di liscrepancies between absolute values as computed by the equations 
ae: 


‘Few, say. societal. In planning remedial a and 


‘ used i in 1 the same manner as in n stable-canal design, the: principal difference being : 
Be 5 a canal almost completely similar is then readily available for observation. — 


% 


@ 
eneral applica ion 

of similarity of different canals. The parameters of the various equations can — 8s 

be used as comparative criteria and the equations themselves as approximate 
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M. ASCE.—In a complete and an illuminating manner, Mr. 
Laursen has summarized just how a hydraulic engineer should proceed to design 
a stable channel with the available information. At the same time his cogent 
comparison of available methods and formulas: shows clearly the 
and uncertainties in dealing with stable-channel design. 
_ From around 1930 to the present, research in sediment transportation ra 
_ been increasingly active and inspired. This has been particularly true in the + 
United States in the last ten to fifteen ye years. rs. Itis startling to be reminded by 
the author, first, that substitution of the velocity at the edge of the laminar 
- sublayer, vs, for the velocity at the level of the moving grain, Vg, is equivalent 
to the deduction.made by P. DuBoys in 1879—that « q. is a function of 7; and Y- 
_ second, that transformation of the DuBoys bed-load formula yields the permis- _ 
sible canal velocities of Fortier and Scobey obtained in 1926. To many hy- - 
draulic engineers, it may be a strained procedure to apply at the open-channel % 
bed the laminar sublayer velocity a based on smooth pipe experiments, ; 


igs 
or has not sought enough, the appropriate fundamental concepts sof 
7 fluid mechanics. Until more particularized facts for open channels are avail-— 
able, one can only use, in the analytical process of fluid mechanics, the informa- 
tion that is available from the fields of aerodynamics and pipe turbulence. - 
_ Unfortunately, the results are occasionally the old tools _ new handles; at 


we of The ~ercantheacea State University at University Park. en re- 
sult of this work" is presented i in T Table 3 to illustrate the. author’ ’s statement 


that the difficulties in stable-channel design lie added assigning numerical — 


values to coefficients and even in choosing a formal equation.” In addition, — 
there exist at least two ‘more formulas—the formula” developed by ml 
- Meyer-Peter : and R. Mueller, and a modified Einstein procedure.” 20,21 These 
4 formulas are so confusing that the engineer confronted with a en trans- 
_ port problem usually resorts to the choice of one or two of the most > 
_ In Table 3, X and Y are coefficients varying from formula to formula and — 
sometimes within one formula ; Tist the tractive force and the  inceptive 


: a critical tractive force; n, , the Manning o or Ganguillet and Kutter roughness co- 7 


Prof. Dept. of Civ. Eng., The Pennsylvania State Univ., University Park, Pa. ree 
18 *The Dilemma of Bed-Load Formulas,” by Sam Chale, C. D. Sims, Jr., and D. J. Stull, paper pre 7 ~~ 
“sented at 36th Annual Meeting, Am. Geophysical Union, Washington, D. C., May, 1956. 
a 19 ‘Formulas for Bed-Load Transport,” by E. Meyer-Peter and R. Mueller, Report on the 2d Meeting — - 
of International Assn. for Hydr. Structures Research, Stockholm, 1948, pp.39-64. 
“ Coneptations of Total Sediment Discharge, Niobrara River near Cody, Nebraska,” b 
Colby Hembree, Water Supply Paper No. 13657, U U. 8. Dept. of ‘the 
Washington, D.C.,1955. 
K. B. et eed and C. H. Hembree, Transactions, Am. Geophysical Union, Vol. 37, No. 2, April, 1956, 
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‘SHULITS ON STABLE-CHANNEL 
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cient ; V the mean velocity and Vo, the critical mean diene m,an exponent, 
varying from formula to formula; ;q, the discharge and qo, the critical discharge, 
a! both per unit width; S, the slope; d, the grain diameter; R, the hydraulic radius; ¥ 
ys! and yr, the densities of bed material and fluid (water), respectively ; and oe 
the mathematical symbol for “a function of.” 
Although Table 3 incorporates an attempt to 
these in no way imply even a similar range of re- 


hurtitg mie fread 
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Waterways Experiment Station. 3 ; 
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“Handbuch des Wasserbaues,” by A. Schoklitsch, Springer-Verlag, \ Vienna, 2d Ed., Vol. 1950, 
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tests, cover range, the computed results 1 may be 1% to - 
200% apart, or more. The foregoing pertains particularly to the DuBoys- — 
Straub formula, Waterways Experiment | Station formula, the Schoklitsch 
formula, the Casey formula, the Haywood formula, and the Meyer-Peter for- 
_ mula in thecomparisons made at The Pennsylvania State University. | Although q 
F. the occurrence of such disagreements is well known, the array of formulas in _ 


Tables 1 and 2 and in Table 3 underlines the difficulties of the formula dilemma. 


in the paper have been en and reinforced by Mr. Shulits. The “formula 
dilemma,” as he has stated, is such that at the present time the design of 
4 
a = stable channels cannot proceed with any substantial degree of confidence only | 
i: on the basis of sediment-transport mechanics ; experience is absolutely essential. 7. 
However, sediment-transport mechanics can serve as a guide, and the many = 
4 formulas ¢ can serve as scaling , relationships and in that | way supplement experi-_ 
F ence. When the formulas are used to compare different channels, the gross 
a quantitative disagreements largely disappear and the similarities are emphasized. — 


M. LAURSEN,” A. M. “ASCE .—The original contentions set forth 


™ Research Engr., Iowa Inst. of Hydr. Research, Iowa City, lowe, 
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ORRO- BAY STEAM ELECTRIC PLANT 


By J. GEORGE THON,' M. ASCE, AND 


Ww ITH 


‘The principal features of the Morro ‘Bay! Steam Electric Plant of California 
& that are of particular interest to the civil engineer | are (1) a ‘condenser cooling — 
= water system that utilizes a surge chamber; (2) a 24-in.-diameter, fuel-oil 
: supply line extending 4 4,400 ft into the ocean; ; (3) sea-water e evaporators tl that 
were the first to be used for the industrial production of fresh water in n the | 
United States; (4) a continuous-mat foundation under the main power building; f 
(5) a 450- ft-high, reinforced concrete § stack incorporating the latest son 
in seismic design ; and (6) turbine generator foundations that were dynamically ; 


ii a power system growth of 105% during the same period. 
It soon became apparent that additional capacity would be required -. 
1955 to meet this growth in load. The economics of fuel costs and trans- 
- Inission losses coupled with the all-important requirements for cooling water — 
. a were the main factors in 1 choosing Morro Bay, California, as the location of 
. 30 Morro Bay is situated on the Pacific Ocean half way between San Francisco — 


and Los Angeles, and 13 miles northwest of San Luis Obispo, all in California. — . 2 3] 4 


_.. Note.—Published, essentially as printed here, in June, 1956, as Proceedings Paper 737. Positions e 
titles given are those in effect when the paper or discussion was approved for publication in Transactions. 
1 Chf. Civ. Engr., Power Div., Bechtel Corp., San Francisco, Calif. j= 


Civ. Engr., Pacific Gas and Electrio Co., San Francisco, 161 
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3 plant site is a 140-acre tract at the north end of the bay between the beach. — 
line and state highway 1 near famous Morro Rock. oon eta hig facilities erway 


a plete units with two control centers each controlling four units. The initial a a 


we installation ec consisted | of two 156, 250-kw reheat turbine generators and two 
135 boilers. The turbine-inlet conditions are a 1,800-lb- 


3 


“FUEL TANKS 


The fu fuel is oil, with provision for future conversion to "pulverized coal and 
petroleum coke if necessary. The first unit was placed into commercial 
_ operation i in October, 1955, and the second unit in July, 1956. The total cost 
of the initial two units was $44,300,000. motonl ot 
_ The principal engineering features of the plant ‘are outlined in’ Fig. 1. 
Power is generated at 18,000 volts and i is increased to 230,000 volts with to 
single-phase transformers for each unit. Two 230, 000-volt circuits will transmit 
ss most of the power to the Gates substation in the San Joaquin Valley ‘near 
al. Coalinga, approximately 65 miles northeast of Morro Bay. Power will also — 


be transmitted at 110, 000 volts over one to the Fon, 
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A major problem in in the a of is that. of 


returning this heated water to its source without recirculation. thy 
ae, The cooling-water system of this plant i is ideal in this ; respect i in that re- re 


a circulation i is virtually impossible. A flow of 200,000 gal per min, or 450 cu ft _ . 


_~iper sec, enters the intake structure and i is pumped by four mixed- flow- -ty pe 


pumps through four 700-ft lengths of 54-in. (inside diameter) reinforced « -con- 
t = crete pipe to the condensers. The discharge from each condenser is collected . 
7 F in a common 7-ft-by-10-ft concrete tunnel, conveyed 2, 850 ft to the base of 
Morro Rock, and discharged into the Pacific Ocean. wae 
- _ In addition to the long discharge tunnel to Morro Rosk, the following > 
alternatives were investigated : ©) Discharge into the ocean at a point where 


‘marine fuel line enters the ocean, or (b) discharge back into Morro Bay. 


— 


- -_ _ The fact that the beach to the north of Morro Rock is a part of the clam a ae | 


beds along the central California coast precludes discharge directly into the 


; surf by either an open channel or a buried conduit. at ‘Therefore, the only solu- 


. : - pipeline of sufficient length so as not to create a hazard to the public from the 
ee standpoints of fishing and bathing. An economic comparison of this system — 
_ with that of discharging back into the Pacific Ocean at Morro Rock : showed 
a savings in favor of the latter method, due largely to the high construction — 


Alternative (b) involved a study of. ‘water temperatures i in the bay 


their effect on the vacuum in the hence, the efficiency of the 

a a Bay has a tidal p prism n between mean lower low water and mean 

high w water of 8,800 acre-ft. The temperature of the water in the 

‘summe varies from 54° F at flood tide to 62° F at ebb ‘tide. ‘During the B: 

4 _ winter these same ‘temperatures are practically constant at 50° Be. _ Inasmuch 


as the major demands for power will occur during the summer ine tidal 


a 


conditions a at that time were the main concern. warren water’? 


Pad 
While ps passing through the main condensers, the cooling-water temperature 


fa raised 15° F at maximum load. The problem, then, was to determine the z. 


temperature rise that would occur in the bay as asa » resent adding 450 ¢ cu ft 7 


sec of water that: was 15° warmer. Several assumptions were made 


to the degree of mixing of the discharge water water with the tidal water . These ’ 
a 1. There will be a complete mixing of the water during the tidal cycles . 
under consideration, thus 1 resulting i in a uniform heating « of the tidal water. a 
_ 2. The discharge water will remain stratified and channeled and, under 7 
this same tidal condition, will flow directly into the intake structure, thereby _ 
producing a maximum rise in temperature. Jinan rere lin 
_ 3. The discharge water will remain stratified and channeled and will flow _ 
the intake structure, ne no increase. pid jo 
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‘that the actual conditions lie between assumptions | 2 and 3 mind were quite 
represented by assumption | - Based on the assumption of complete 


1 1 were as to variations in 
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IN DEGREES Any temperature increase in the cool- 
FAHRENHEIT ing water will i impair the condenser vac- 
uum by. a corresponding i increase in fuel 
> consumption. The maximum capacit 4 
operating | recirculation | Sime of the turbine generator will also de-— 
crease with an inferior vacuum, Based 
on a 2° to 5° rise for two units (14% of 
to (a) the time) the additional capitalized fuel 
ie costs and capacity | losses for summer con- 
_ ditions and peak- load demand would be 
$270,000. The additional 
4 charging at Morro Rock due to the increased co conduit and related structures 
was $200,000, or $70,000 less. 
_ Conditions other than the purely ai oe ones also had to be considered. | 
JA fairly large oyster industry operates at the lower or southerly end of Morro — ‘ _ 
Bay. Consultation | with biologists ‘indicated that any increase in water 
7 ‘9 temperature over the normal variation might affect the oyster culture. Should 


any damage occur t to this culture, it might be difficult to prove that the warm | 


.% discharge was not a contributing factor. The possible danger to small boats — 


within the harbor as a result of the exit velocities from. the discharge also had» ; 
7 4 _ Surge Tank. —Although the long discharge tunnel to Morro Rock was the 4 
pn desirable from a standpoint of ‘operation and | economy, it. presented a 
oe hydraulic problem. As can be seen from Fig. 2, the invert of the 
discharge tunnel is at El.-7.0, and the crown is at El.0. 0 referred to mean lower 
low water datum im. With this arrangement the tide affects the entire length | 


7 


700 ft of 54-in. pipe Condenser Transition 2850 fi ft of 10- -ft-by-7-ft 


of the tunnel and provides. (a) an effective seal for the siphon « or - discharge : 
__ leg of the condenser and (6) a maximum regain of head on the siphon leg of 
the condenser under all tidal conditions, 

‘The. disadvantage of the foregoing arrangement occurs under - conditions — 

i of low tide and after a shutdown when the condensers are empty. A start-up a } 
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— reinforced concrete intake line during th the acceleration of the he large mass of 


water in the discharge tunnel. to agitibbe alt 
a Under normal conditions the mixed-flow-type pump will start with an 


pee Siar head of 19 ft. An investigation of what occurs in this time interval : 
rem ealed that when th the he condenser started to spill, the fi flow i in the i intake lines 

would be 105 cu ft per sec and the flow i in the discharge tunnel would be zero. 
Approximately 6.5 sec later the flow in the intake lines would drop to 82 cuft _ 

per sec, and the flow in the tunnel would be 22 cu ft per sec, which would fill ze 


the system 1 for the first time; at this instant a water hammer would occur in the 


- - intake lines. re The velocity would then drop from 5.16 ft per sec to 1.41 ft 


per sec, causing a 282,000-ft- -lb shock to the system and developing | a atatie. 
halle would not have been economical to design for a pressure rise of that 
magnitude; however, there were two other solutions: good 


Butterfly valves could be installed at the circulating water pu pump in the 
intake line in an effort to throttle the flow and allow the pump flow to increase 


gradually until the system was in equilibrium. to: 4 


S,. A surge tank could be placed in the system to absorb the energy pro- 
om Of the two solutions, the surge tank was the more economical and desirable q 
from the standpoint of reliable operation because there were no mechanical — roa 
parts to fail when operation was most needed. tehin nd 


plants that mussels w will to the walls: of the circulating 


ba 
4 conduits up to depths of 6 in., thereby 1 materially "reducing the —§ 


to Hee is proposed to control the growth of mussels at this plant by recirculating 


the warmed water between the condensers and the intake structure and allow- _ 
ing the temperature to rise excessively for short periods of time. Experience [= 
at other plants” has shown that by raising the temperature to ‘approximately ‘ 


ye. 110° F for a period of 20 min every three weeks the mussels can be killed, b 


loosened from the walls of the eo and then flushed through the con-— 
_ densers into the discharge water. The frequent application of this opera-— 
- tion i is necessary in order to prevent their growth beyond a point where they — 


however, it is believed ‘that. at ‘the Morro Bay plant 


| af one circulatine water numn mav cause a serious water hammer in the 54-in_ 
4 — 
— 
— 
ore 
- & the crown of the tunnel. The tank is 20 ft by 8 ft, extends 18.5 ft above the — ; 
| tunnel, and allows amaximumsurgeof9.0ft — 
‘Thermal Mussel Control—Mussels are indigenous to the Pacific Ocean — 
- 2 = coastal waters, and their growth in the circulating water system could be —— 
— 
— 
— — 
1 
a 
a 
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been made over of handling the problem. 
CFOS: connection is made just behind the pumps, thus confining the mussel 
control to the pipelines. With the addition of the motor-operated sluice gates 
_ in front of the traveling screens, the mussel control has been extended to include 
: ae entire intake structure. It is believed that this system will eliminate 
lengthy shutdowns to clean out the screen and pump wells. 
The fuel-oil delivery and storage system consists of a marine anchorage, 


483 ft of marine pipe, 258 ft of four 168,000-bbl storage 
per hr of 600 SSF — 


a 


= 


from 5 tons to 10 tons; there are two anchors tmidship and three anchors aft. 
a. The forward anchorage is provided by using the ship anchors. — Each of these 4 
_ 9 permanent anchors is located approximately 800 ft from the ship ) and i isattached 
: } toa mooring buoy with 400 ft of chain. . Each buoy consists of a tank that is 11 : 
; “ft long, has an outside diameter of 6.5 ft, and is provided with a quick release 
hook to fasten the mooring lines of the ship. _ Buoys are also provided to mark q 
the ends of the pipe and the hose.  e radar- reflector buoy is provided 1 


ite navigational assistance during foul weather. ala od. died 
ee... The anchorage is located in the prevailing currents in such a manner that 
the ship can set its forward anchors, and a crew in a small launch can fasten { 
lines to the three n mooring buoys aft. With the ship approximately 
_ position with the fore and aft anchors, springing lines are then made fast to. 
the mooring buoys amidship. Jeom enw Hite: Efe? 
me Delivery of oil is accomplished by picking up the end of the 200-ft- long 4 
wy 12-in.-diameter sea hose from the ocean bottom by the chain attached to — 
marker buoy and connecting it to the ship pumps. — Tire ; 
Lakes The marine part of the line is a 24-in.-outside-diameter, }-in.-thick wall. 
with in. of somastic coating. In order to provide a negative 
of approximately 15 lb, a 1}-in. gunite coating was added. _ The land part 
the line is a 24-in. fein. wall pipe with 2-in. somastic 
coating but with the gunite coating omitted. The marine part of the ‘ 


od 


The fuel-oil tanks are located 8 ft above plant grade, thus allowing the oil 

to flow to the plant by gravity. All future tanks will be located at plant grade. 5 : 
- Each tank is 195 ft in diameter and 32 ft high ; the temperature in the tanks i ? i 


ry 


‘maintained between 100° F and 120° F by steam-recirculation heaters. pie 
‘The installation of the marine fuel-oil line was quite spectacular from the 

standpoint of coordination between land and sea construction forces. 

as = pipe was initially delivered in lengths of 39 ft. These lengths ‘were welded 

_ on the beach into five strings of approximately 820 ft each and a shorter string 

of 380 ft. The joints were somastic and gunite covered. The 24-in.-by-12-in. _ 
, ig _ reducer was welded to the 380-ft section and then mounted on a structural 


iteel ‘sled. A barge with a 60-ton winch anchored in the mooring area pro-— 
vided a i}-in. pulling cable, which was attached to the lugs provided behind 


on the reducer. Side-boom tractors then the first string, and 


— 

— 
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i 

— 
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— 
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beste (palling: and the tractors pushing, 
surf. After the first string was launched, an additional string was welded to V4 
the first string, and it, in turn, was launched. A total of twelve side-boom 
tractors were required for each string. Communication between the barge 


land forces was maintained by ship-toshore radio, and coordination of 


‘The total operation was performed in in 15 hr and 30 min. The average rs 

time for each section was 30 min, whereas the welding and somastic coating © 

Erosion Control. —When the property was first purchased, the area to ~Jaaa 
occupied by the fuel-oil tanks consisted of high sand dunes rising above the " 
yg plant elevation by as’ much as 30 ft. This condition presented not only oll 


spillage or breaks in the tanks. Several solutions to the problem were studied re 

‘ranging from removing the dune sand entirely. and constructing fire walls of 
| Prenat and prestressed concrete to constructing the dikes of | dune sand and 


“4 
“economical than any other ‘method heretofore adopted at other steam 

‘The dikes were constructed of of the dune sand by grading the area » down ae 
w the final grade of. the teak nnd 


at m moisture co ntent of the material. 


During the interim between completion of the dike construction and wind- oem 
eae -eontrol treatment, the field forces protected the finished slopes from = 
wind or water erosion by maintaining the moisture content of the surface cow 
Patties to such an extent that they remained i in a cohesive state. This was a 
accomplished with “rainmaker” pipe equipped with fixed-mist and 
~ installed along the top of the dikes. _ Care was taken to avoid concentrating | *) 
_ the water in any given place, thus causing channeling and sloughing. The 
construction forces were also permitted to maintain these slopes during this 

period by applying thin layers of straw to the surfaces at the rate of from 2 

_ tons per acre to 4 tons per acre and by tamping the straw into the sand by — 

means of a modified sheepsfoot roller. If these methods did not maintain the 
ee the construction crew was also allowed to add more § straw and cover 


straw with chicken-wire ‘mats laid flat on the ground and held in place 


_ the joints between sections were only welded and somastic coated. Woo | 
battens were substituted for the gunite coating at these joints to protect the | 
eC, -___ somastic coating and to provide a smooth surface for the pulling operation. — 
— 
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stakes. In ins eather co onditions ‘were such ‘that the latter "two 
‘Final « erosion control was by planting ‘ ‘ice plant” (mesem- 


area at the rate of 10 per 1,000 sq. ft several days before planting. 
Rice straw was then spread over the area at the rate of 6 tons per acre on 
slopes of i 5 to 1, or on steeper slopes, and 4 tons per acre on flatter slopes. . The a 
straw was incorporated into the sand by use of a a modified tamping ng roller — ao 
consisting of thin lugs protruding 6 in. from the roller, 6 in. wide, and 4 in. Pe 
thick instead of the usual sheepsfoot. This procedure e imbedded the iy rot 
u 


bei did not pull it out as the lug was withdrawn. piste wet 


_ Cuttings of ice plant approximately 10 in. long were planted t rough the 
olnia and into the ground at intervals of 12 in. on the slopes and 18 i in. on we ‘ 
pad flat areas. The second application of fertilizer was made at the same rate 


—~ 


approximately two months after planting was completed. The nurseryman 


any that did not: appear be taking hold. Approximately 
ne 13 acres were planted in this manner, and the results have been extremely 
fresh-water requirements for the plant were to be approxi- 
ae 80 gal per min per | ‘unit. | The largest single items are 25 gal per ae 
ae s& boiler make-up and 25 gal per min for vertical pump-bearing lubrication; Bs." 4 
ma _ however, salt water can be used for the latter item with a fresh-water stand-by. — # 
remaining 30 gal per min consist of drinking ‘and sanitary water, r, water 
for cracking the scale from the tubes in the evaporators and for flushing, and 
ae general utility water, such as that for flushing the boiler tubes during main 
“te na ds. The initial requirements for fresh | water. were set at 160 gal 
per min for the initial two-unit installation and 640 gal per! min for the ultimate 
Com plete of the source was of paramount importance both 
hed 


‘Upper Salinas River Dam. —The Upper Salinas River ‘Dam 
ae five public agencies; the city of San Luis Obispo and Camp San Luis 
Obispo have a a joint allocation and are the largest users. Their needs are 


San Luis Obispo. To supply the ultimate plant needs fully would require a | 


diameter pipeline approximately 11 miles long. Further investigation 


— 
was actually obtained by thinning existing growths on the site, 
— 
— 
— 

@ 
— 

— 
gontracting the }OD Was required to Maintain the growed for a period ol ninety 
— g q 
q | 

ey = The possible sources of this water were (a) the Upper Salinas River Da 4 «4 
10 miles east of San Luis Obispo; (6) local wells; (c) the effluent from t = 
| 
— 
— 
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into priorities and allocations for storage indicated that a frm sradneei — | 
water could not be assured. 
Local Wells.—Historic data on the wells in the area indicate that the wells , " 
are subject to. ‘deterioration both as to yield and quality of water. 
of ground water occurred during dry years, and some sea water has ane. 
into the ground-water basins along the central coast. . There were two wells - ia 


@ 


0 the | property with an estimated combined yield of 250 gal per min when Pa 
the property was purchased. In view of the historical background, it did a 


not seem advisable to rely on these wells as pennpen sources 0 of water, but _ 


it was felt that they « could be used as stand-bys. A later experience during 
the early periods of construction justified this decision. At that time, both 
. wells were continuously pumped to provide water for a concrete batch plant 7 = 
and for other construction needs. One well went dry, and the yield per Bas 
foot of drawdown greatly decreased in the other. Since then a third well a4 


, been drilled, and the total combined yield of this well and the remaining , 


one is 200 gal per min. A series of observation wells has been placed round 
‘ 2 these wells consisting of 1}-in. perforated pipe. With intermittent pumping, 
the yield per { foot of drawdown has remained constant, and the observation — 
- wells indicate that the seasonal ground-water table is remaining consistently - 
high. _ Monthly salinity tests of the water in the observation wells has not bs 
yet indicated salt-water intrusion under the present conditions. During a 
dry year and low ground-water table, such intrusion could occur if the wells — _ 
Effluent from Sewage-Treatment Plant.—The Morro Bay Sanitary District, 
_- includes the towns of Cayucos to the north, Morro Bay to the south, a 
and the intervening areas, has completed a sewage-treatment plant to the = 
north of and adjacent to the steam-plant site. This instailation is a clarifier- 
and-filter-type plant. An investigation indicated that the quantity of effluent — ; 
could supply four steam units, but a ‘supply for the ultimate installation of 
eight units would be doubtful. The quality of the effluent from a plant of 
2 this type i is such that the detergents in the water would cause ‘excessive foaming - 
in the evaporators rs and restrict the chemical action of the water softener in :~ 
is the steam plant's own water-treatment installation. The presence of ammonia > 
because of the high organic content in the effluent would cause a | 
corrosion of the brass tubing in the evaporators. In the event of a a breakdown | 
in the sewage-treatment plant, no guarantee could be made of a continuous — 
source of treated effluent. In view of these objections the clarifier-and-filter- 

Impounding Local Runoff—One of the most promising sources of fresh 

= water was the impounding of local runoff. The local annual rainfall varies — 

: b from 30 in. in the coastal range east of Morro Bay to 16 in. in Morro Bay. ; 
- Although not abundant in runoff, there were several small streams that could _ 
furnish the ultimate requirements 0 of 1 300 acre-ft per 

What seemed to be the 


he watershed above the dam was 14 sq miles. No long-term runoff bee, We 


were available for Toro: Creek; however, gaging station was: established 


—— 

‘ a 

| 
| — 
: 

a 

| 
| 
4 
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_ 
before the rains of 1952. The comparable stream with gaging 
aig a records was Arroyo Grande Creek, which was approximately 25 miles south of | 
Merro Bay and had a a drainage : area of approximately 106 sq miles. 
The straight ratio of drainage areas shows that Toro Creek drains soe 7” 
— | 5% of the area of Arroyo Grande; however, by comparing areas of average 
normal rainfall and ‘relating runoff to rainfall, it appeared that Toro Creek 4 3 
should flow approximately 20% of the rate of Arroyo Grande. Comparison | 
oo of actual measurements during | the w winter of 1952- 1953 showed that 20% was Gg 
_ A mass curve plotted for the entire period of record was based on this » 
_ assumption, which indicated that a storage of 3,700 acre- ft would be Tequired _ : 
to yield the ultimate demands of 1 ,300 acre-ft per ow al 
_ Material was available within 4 mile of the site to construct an earth- fill- 
_ type dam. The dam would be 90 ft high, require approximately 200,000 cu yd 
of fill, and create a storage reservoir oir covering 175 acres. Consideration of the 4 ac 
possibility of flash floods in the area indicated that a 7,000-cu-ft-per-sec, side- a a | 
ase spillway would be required. Locating a dam at this site would also ; 
require a 4-mile pipeline to the steam plant, relocating 2 miles of county road, 
relocating existing oil-transmission pipelines in the storage-reservoir area, 
and in addition tothe purchaseoflands 
Sea-Water Evaporators. —Although the process of sea-water evaporation ‘a 


has been common aboard ships, it is believed that the use of sea-w water evapora- 
- tors for producing fresh water for a stationary steam plant i is the first industrial 1a 
application of this system in the United States. q 
Each steam-generating unit will require a set of triple-effect evaporators 
designed to produce 50 gal per min. This capacity was required to patie © 
for both boiler make-up and utility v water. Because approximately half of 3 
the water produced from sea-water eveporstors ; need not be of the p purity ag 
MA on. required for boiler make-up, a purity of 50-ppm total solids was specified. re _. 
: _ part of this water would then be redistilled in the station evaporators to to pro- — an 
a duce the required purity of less than 1 ppm for boiler make-up. wed alt 
af _ Fig. 3 shows a simplified outline of the three-effect evaporation moti ¥ 
i a Each of these three evaporators consists of a j-in.-thick, welded copper bearing _ 
steel shell that has a 6-ft outside diameter and is 20 ft long. The lower hal 
of the shell contains 290 aluminum-brass tubes 1 in. in lo 
Salt water with a concentration of 36, 000 ppm is introduced to the cycle 
into the shell of the first-effect evaporator. 1 _ The resulting brine is transmitted 
eg to the shells of each succeeding effect and finally wasted to the main condenser _ > 
i water-discharge tunnel with a concentration of 54,000 ppm. = 3 | 
Steam from the station evaporator is introduced into the tube bundle of | 
Ee first effect to heat the salt water and create steam to heat the second and third 
sy effects; steam so produced is finally condensed at the evaporator condenser. — 
Vapor: created | by pure condensate in the tube bundles of the second and d third = 
ve effects is also collected at the evaporator condenser. © “The result is about 50 
e& = per min of fresh water with a purity of 50 ppm. A part of this is drawn ‘i 
off and transmitted to the raw water storage tank for utility purposes, and a a 


the: remainder is piped to the station evaporator for redistilling. Pure con- 


a 
| 
| 
% 
— 


x 


it is introduced into the boiler-feed water system. mul shh ot 
_ Summary.—A comparison of the sources of water indicated that the Upper 
Salinas River Dam and the sewage-treatment plant. should be eliminated 
a firm supply could not be assured. = =|. yliso 
_ An economic comparison of Toro Creek Dam and the sea-water evaporators i 
indicated that the capital cost of the evaporators ¥ was approximately one-third pr 
¥ _ that of the dam, but that the annual cost was greater beyond an installation of aa 
4 _ two units. _ However, if the operation of the evaporators were limited ed solely to - 
the production of boiler make-up water and if the utility water were re supplied Py 
by wells, installation of the evaporators would be economically favorable up to — a 


diskjobn def 23.4 gui per'min: 50 ppm ban bot tot 


| 
m 


Tomaincondenser ay? To main condenser, cooling- dav ‘ To: raw water 
OS ppm arly gal per min gal 


proceeded tn than in a lo 


i This latter scheme was finally adopted with a slight modification of i the | 
cycle” (Fig. 3). pump- ~bearing lubrication- water requirements are ful- 


as a stand-by in the event of a failure in the wells or in the e bearing-lubrication: 


cis 


itpu 


‘The Morro Bay Steam Plant is located immediately west of the town of - 
mile Bay on a low section of land, which terminates in the promontory leading _ 
to the dacite sea stack of Morro Rock. i To the west, between the site and the ma 
Pacific Ocean, there are ‘shifting ‘sand dunes having an average height of 
than 30 ft above the adjacent ground. to the south, and on the  opposit = 

x side of Morro Rock from the ocean, is the navigation channel leading to Morro ES : 
to the east there is a  60-ft-high sandstone bluff consisting predominantly 
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3 according to the Bureau of Coast and Geodetic Survey (United States De- 


a _ depth, it was necessary to prov ide a foundation for the power building that es 


flat area now had an average elevation of 6 ft, 


= partment of Commerce) datum. However, during 1942, when the site was _ 
7 _ developed as a United States Navy training base, the area was filled hydrauli- — 


cally with sand and gravel to an average elevation of 14 ft. pedwiics oma 


of 1953 at which time forty-three holes were drilled to depths varying aainien 


60 ft.and 101 ft below ground surface. The various soil strata were classified — 
= by field examination, which was supplemented by laboratory tests on repre 


sentative undisturbed core samples. que ra to ole 
pS In general, the top 54 ft to 82 ft of natural deposits underlying the hydraulic a 


fill are of recent geological origin. The deposits appear to be lenticular and _ 
consist 0 of alluvial soil types—that is, fine sands, sandy and silty loams, clay 
a and clays, the latter being relatively compressible. These recent strata 


over geologically older deposits consisting of coarse sands and 


and east sections 5 of the site to deonnsisite El. 2 in areas a adjacelt to to the 
Because of the presence of a compressible ‘clay | stratum at only moderate = 


- would keep anticipated total subsidence to a minimum and limit differential _ 
settlement over the base of the structure. To this end, studies were made of - 
@ both piled and ad continuous-mat {¢ foundations. As a result, a mat was adopted 
because it was not o only more economical than a piled foundation but also 
_ because it (a) provided a basement through which the intake pipelines could q 
- be run to the condensers and in which other equipment and services could be 
conveniently located, thereby a allowing more spacious arrangement on 7 
-§ floors ;  (b) omrer construction time by eliminating the period required for ; 


piping, oul: cable installation i in the basement to proceed concurrently with 
erection of the steelwork above. ie. The 
_. ‘The 5-ft-thick mat of reinforced concrete, founded at El. —2.0, is 267 ft _ 
long and 186.5 ft wide. The mat was designed to act with 
Sag the ground floor slab and beams at El. 15.0, with the perimeter walls and piers — 
” transferring the shears. _ The rigidity of this 17-ft-deep substructure not only A 
= localized areas of weakness in the supporting soils, but also assures: 
- minimum differential settlement due to either differences in soil pressures 
or variations in thickness of compressible layers. All superstructure steel 
columns are ‘supported « on the foundation piers at ground-floor level. Te 2 
 turbine- -generator pedestals, because of the magnitude of the machine loads 
and because of the necessity of avoiding transfer of vibrations, are ‘separated 
< from the rest of the structure and are supported directly onthe mat, Together, — 
the dead and live loads of both superstructure ‘and substructure ‘peaduee soil 
pressures varying fr from 2,500 lb per sq f it to2 ,800 lb per sq f ft. . However, as 
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_ is formation at varying depths is the sandstone and shale bedrock of the ._ 
— lying this formation at varying an 
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water, the effective on the subsoil is by 2,000 
i Ib per sq ft, varyi ing from approximately | 500 Ib per sq ft to 800 lb per sq ft. ¢ - 


te After the magnitude of the foundation loads had been determined, studies 


= 


were made to determine probable settlements. In order to arrive at 
during excavation for the substructure, the underlying | salle. 
swell and are recompressed later by the addition of the building loads.  Settle- 7 
_ment of the structure is affected by the length of time the excavation remains 
0 open, the length of time that the dewatering system remains in operation, the | 
rate at which loading is applied, and the relative 1 rigidity of the mat. For 
_ the investigation of settlements, it was assumed that the excavation would > 
_ remain . open less than one month, that the dewatering period would be six. 
_ months, and that the loads would be applied gradually at a uniform rate of 
between that of a perfectly flexible mat without restraint, in so ) far as differen- 
- tial 6 settlements are concerned, and that of a perfectly rigid mat, allowing no 
warping of the mat surface, _ ultimate | settlements were computed for these two 
-— limiting conditions. Results for the flexible mat are shown in Fig. 4(a), and | 
in Fig. the results are compared. In addition, the anticipated rate of 
vertical mov ement of any - point on the mat as a function of time is given by 
F the curve in Fig 4(c). { In this connection it should be noted that almost 70% 
of the total settlement was expected to occur during the construction period, 
ee settlement is expected to continue during a oximately +? years 


Because the structural behavior of 1 the fousdation somewhere 


_ The accuracy of the computed settlements depends « on the validity of these 7 
assumptions. Actually, su substructure excavation was started on J uly a 1953, 


a. and proceeded from the north end of the building under the turbineroomtothe —__ 


south end the boiler area ; this e excavation was completed on August 


of the mat, also from to on 17 
q aq 1953, and was completed on October 30, 1953. Both excavation and con- | 


: creting proceeded i in stages rather than in a continuous operation bos ‘a so 

: eet The rate at which actual loading was applied was not uniform throughout — 7 
the building. On completion of the concrete substructure, the steelwork was 
erected, the turbine room first and the boiler-support steel following later. 

eek. Erection of the first boiler located in the southeast quadrangle began in 

June, 1954, and was completed in November, 1954; work on the second boiler 


unit: began immediately thereafter. The the met turbine- 


generator unit began in in January, 1955. +4 
TK Dewatering with well points was jeiibaloas for five months, from July 27, 


1058, December 31, 1953, during time pump discharge averaged 450 


structure dewatering to the south of the power building to continue 


one year longer. of the water | table probably had 
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‘TABLE 2 | 


of elevation 


- Settlement readings were ere taken regularly on a total. of fourteen permanent 
bench marks installed in the mat, as located in Fig. 4(a). Results for four of | 
these points located on the NS-axis of the building are shown n graphically in a 
‘Fig. 4. _ Initial elevations and the elevations in December, 1954, with their 
differences for all fourteen points, are given in Table 2. i 
From the records obtained during the first fifteen months, it appears that 
the distribution of settlements over the area of the structure is consistent 
the pattern of applied loading. Maximum subsidence was measured 
e southeast corner of the pet where loading achieved 100% of its 
The magnitude settlements 


‘ime the ex in the area south of as by the Tength 


& 
fie Although provisions been made in ‘the. of the two steam genera- 
tors for the future use of coal, the fuel | normally used will be oil, which will be : 
: burned at the rate of 250 bbl per hr per boiler at rated capability + Flue ga gases 7 
_ will be drawn from the two air preheaters at 330° F and discharged through © 
Jl diametrically opposite openings into a single 450-ft- high stack, the total 
volume | of gases from both boilers at the same operating conditions 
pag’ inside diameter of of 14 ft 9 in. was: selected for the ‘stack top to give the «= 
d gases an exit ; velocity o of approximately | 100 ft per sec. The jet-like “effect 4 
_ thus produced, combined with the temperature differential between the gases 
and the atmosphere, carries the plume an appreciable distance above the stack, 
_ adding to its effective height. In this connection it should be noted that the +a 
dispersal and maximum ground concentration of gases vary 
‘The reinforced concrete stack | e of 42 
ft 8 in. and at the top of 17 ft 6 in,; the stack tapers fairly uniformly - The- 
’ shell thickness was dictated by structural requirements and varies from 24 in. 
at the base to 27 in. at the flue openings to 7 in. at the top. It is lined with 
rss -resisting firebrick and is insulated with 2-in. -thick, glass fiber boards. 


yg The lower 105, ft of the brick lining is 9 in. thick and i is designed to be self- 
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observation 


of elevation 
(3.013 | 2.998 2.970 | 2.999 | 2.999 | September, 
2900 | 2911 | 2886 | 2903 | 2935 | 2.929 | December, 1954 


0.095 | 0.113 | 0.087 | 0.068 | 0.067 | 0.064 | 0.070 | Difference 


supporting 1g. Above this | section, it is 44 in. thick and is Supported at every 
ft on concrete corbels formed monolithically with the shell, 
a The weight of the stack and lining and the overturning moments aa both a 
wind and seismic loadings are distributed to the foundation subsoils through — 
- a heavily reinforced concrete mat supported on 289 step-tapered concrete 
piles. This mat is octagonal, i is 90 ft fi from face to face, and is 10 ft thick andes) 
the stack, the thickness decreasing to 6.5 ft at the mat periphery. The } piles, 
A carrying load by both end bearing and friction, have an average length of 
.: ft and are ‘driven through the recent ‘soils t¢ to a penetration of at + least 2 3 
ft into the dense, underlying sands and gravels. of the older stratum. For 
dead load only the maximum allowable load per pile was limited to 45 tons. 

For the condition of combined loads, vertical and seismic, this was increased 
to 90 tons. The 2, 030 cu yd of concrete r required for construction of the pile 
cap were placed i in a continuous operation for 28 hr. Fig. 5 shows the a4 | 

> ing steel for the foundation and dowels fc for the > stack shaft. ers _ fan aN 
i Except for seismic : loadings, ‘structural design of the | stack followed the 
- 1958 recommendations‘ of the American Concrete Institute (ACI). — 
= Recent investigations have raised strong doubts regarding the validity 
of the heretofore widely used assumption that all parts of a structure are 

subjected to a uniform seismic acceleration during an earthquake. For this 7 

to be true it is necessary that the structure be infinitely rigid. Because of — 

_ the inherent flexibility of the average structure, desig gns based on the applica- 7 

tion of seismic forces, which are the product of mass and constant acceleration, 

- will produce a structure that is weaker in its upper sections. | . This is especially ae 

_ true in the case of : a relatively limber structure such : as a tall stack, a fact ei ca [ 

" that was confirmed by a survey of damage to chimneys caused by the 1923 = uk G 
Kanto earthquake and the 1948 Fukui earthquake in Japan.’ It was found 
‘that only in five out of tw enty -two fractured stacks was the point of fracture _ oe 
located below the third point of the height. Since the 1923 earthquake, 
_ Japanese building codes have required that anil be designed us using a constant -. 

In the United States sol codes for seismic design n acknowledge that there _ 
isa functional relationship between height and the acceleration factor. One 
: s these codes published® in 1952 recommends that the total base shear should 


4 “Specification for the Design and Construction of Reinforced Concrete 
Fukui Earthquake,” Office of the Engr., General Far East U.8. Det. 
of tne Army, Tokyo, Japan, Vol. II, February, 1949, 
_ “Lateral Forces of Earthquake and Wind,” by the Joint Committee of the San | (Calit,) 
Bastion, ASCE, on the Structural Engrs. Assn. of Northern Oelifornia, Transactions, Vol. 117, 1952, 
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in which F, is the lateral at the section under V 


the base : shear, W, is the weight of the section under consideration, hs  Tepresents 


ou “Fie. 5. —Reryrorcine ror Stack FounDation his Yo 


ae oi usi9e, «reli iT botevidus — 
the height of section above the base of the stack, »2(W h) is the summation 


of the products ¢ of ' weight of each section and its height above the base, and i 
Cisa lateral-force coefficient or a seismic coefficient. . | | 
The other recommends that a constant acceleration factor be used 
in the design of the lower one-fifth of the stack, but in the upper four-fifths a a 

_ magnification factor should be applied to the seismic coefficient det determined by 


4 


- alii K, is the seismic coefficient and h’ is the distance from the section ‘ 


fattall «a (4) 


eeee 


7 __ In order to determine how these ‘recommendations would affect the stack 


design, a trial section was selected (Fig. 6(a)) for which seismic shears and t 


under to the that is one-fifth of the total height of the 
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in this an analysis were moments 
using constant “acceleration of 0.20. For the case of uniform 


and in all ca cases, 


: ‘al in which h” is the distance from the section under consideration to the center a 
Oe Two different seismic coefficients, 0.10 and 0.13, were used in the computa- 
~ : tions of shear at the base based on the ASCE code. £ According to its provi- 
sions a maximum coefficient of 0.10 is recommended for structures other than ; 
T ABLE case that the moments, especially those 
“near the base of the stack, should not be 
4 less than those produced by a constant 


acceleration of 0.20, the criterion ‘estab- 
0.13 
0.20 


eee ee in the value of the coefficient to 
greater than the minimum. Moments computed in accord- 
ance with the ACI magnification factor‘ and with a 0.10 seismic coeffi- 
_ cient were less than those based on 20% acceleration in the bottom 175 ft | 
the stack. Consequently, it was necessary to use a coefficient of 0.20 
= to meet the moment requirement near the base of oe stack. _ This io 


Shear and moment: curv es prepared from these studies are shown in Fig. 
6 bain For comparison the moments at the base, one-third, one-half, and two 


the —BrENpDING MoMENTSs, IN Foort-Kips, ox 


Height of are Desian Case 
section 


28,000 | 36,000 43,000 | 
67,000 | 74,000 


98,000 
| 


- third heights of the stack are shown i in Table 4 for the five. design cases cases investi- ; 
As shown in Fig. 6(a), ‘both cases 2 and 3 meet the that the. 
‘resulting moments at all sections are consistently greater than those given by 


ease 5. _ However, case 3 moments for the two-third, one-half, and one- third 
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heights are 230%, 1 
sections. _ Those for case 2 are e only 38%, 36%, and 19% gested than th 
corresponding moments for case 6. To ‘accommodate these high moments 
for case 3, a second trial design was prepared, the resulting gravity load further — 
increasing final moments. 2 For this condition the stack shaft alone would 
require 2,945 cu yd of concrete, an an increase of 30% over the 2,260 cu yd re- 
om for one designed in accordance with case 2, = = 
i Consistent with what was felt to be a sound engineering - approach, the J 
final stack design was prepared following the ASCE seismic ‘recommendations® 
using a coefficient of 0.13. Stack outline, weight, and seismic shears and mo- | 
are shown in Fig. 6(6). It will be seen from the curves and d from ' Table 
5 that the resulting final moments (case 2) are greater o over the e1 entire stack = a 


than those produced by a 20% constant acceleration | (case 5). Po 

< The fact that the stack weight and stress functions are smaller than al 
of the tentative design is attributable to certain changes introduced in the — 
- final design. These changes consisted of increasing the thickness of the bottom > 
ft of the lining to 9i in., makin ng the bottom structurally self-supporting, 


an ic n ret 1 to require- 


“on 4 _ The construction of the stack shaft began | on July 12, 1954, and was com- 
_ pleted on December 1, 1954. Iti is believed that this stack of the Morro Bay 7 s 


Steam Plant is the first to be designed for seismic loading in accordance with - 


firing between. Structurally, the three elements are design ed to nates. a 


Supported from a common reinforced concrete substructure, the steel 


superstructure was arranged to provide adequate support and convenient — 
access to equipment as well as a weather enclosure for the plant. Apart from m 
vertical loading, the structure was 1s designed to withstand safely lateral fo forces 7 
caused by an earthquake of an intensity equal to 20% of gravity, = 
es The boilers each weigh apprpximately 7,000, 000 Ib and are e suspended from 
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4 
by the 6-in. expansion n of the boiler casing while in operation. 
‘movements during an earthquake of this huge pendulum are restrained by a Zs 


system of buckstays. Reactions from these -buckstays are carried at six 


elevations by horizontal trusses to adjacent boiler-support columns. 
gil is the only fuel presently available, provisions \ were made for future coal | 
firing. In line with this the end row of full- height. columns, as as well as the _ 
_ columns, were designed to support coal bunkers of 1,200 tons capacity per i 
A Warren-type system of bracing in both vertical planes provides a 
of the structure for lateral forces. The roof framework and the concrete 
= floors provide bracing in the horizontal plane. Column shafts were embedded i‘ 
_ to a depth of 3 ft in the concrete piers of the substructure. Vertical eding 


_ is transferred through the piers: directly to the mat. Horizontal shears vat 


ox Tarovan PowEnnovse add dt al 


column bases are o distributed by the ground-floor slab among the piers and oT 


same axis as s the steam “This | arrangement of and turbines 

_ allows for short runs of primary and reheat piping, and also results in a oes 
MN length of bus ducts between generator terminals and the station and main 
transformers. Such al plant layout, which afforded considerable over-all 

4 economies, , required an almost 120-ft-wide turbine room unobstructed by in- 


termediate columns. To bridge this span, 12. 5-ft- deep roof trusses were 


adopted. Although no portal frame action was considered when sizing the 


columns, a certain of between ‘column and truss Was as- 
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STEAM PLANT 
carry, apart the ‘roof framework, « crane girders for a 60- 
bridge do beqginps vilut o bad odw 
Bracing, which is provided between the columns as well as between the 
trusses, enables the turbine room structure to withstand seismic forces acting 


transferred to the boilerhouse structure 


on the operating: floor, is the center” 
the control room. Through its glassed walls, the operator must have mr 
_ unobstructed view of the turbine ends, the boiler feed pumps, and the various 
control panels. To. achieve this a 40-ft-wide bay was required. ‘This: was 
he turbine room and boilerhouse structures apart and 
providing horizontal framing supported by adjacent columns, 
4 ne Although the two-story office building, the machine shop, and = 
adjoin the powerhouse, they are structurally independent of it. borers ee otk’ 
tii total of 8,950 tons ¢ of riveted structural steelwork was used in the con- 
problem of chemically reactive aggregates ‘is common throughout 
“central California,’ where sedimentary rocks of the opaline shale type form y 
one of the sources of aggregate. The outward manifestation of the presence — 
of reactive aggregate is widespread pattern cracking of the concrete. 
~ mechanism of this alkali-aggregate reaction is a chemical ‘process in which — 
soluble alkalies released by the hydration of cement react with siliceous con- — an 
stituents of the aggregates to produce an alkali silica gel. _ Expansion o of this 
‘gel, which accompanies | the causes cracking and deterioration of 
atey Extensive t2sts were performed « on aggregates | from quarries in the vicinity 
of the plant. - Coarse aggregate was required to show less than 12% loss of 
weight after five / aycles of sodium-sulfate tests and the fine aggregates, a loss a “f 
of less than 8%. _ Asa further precautionary measure, , 18% of the cement was 
replaced by pozzolanic material,’ a calcined diatomaceous earth, and low- 
alkali, type II cement was used exclusively. wil lo 


Although | the design of concrete mixes” was adjusted periodically to meet 
particular needs, two of the mixes were used predominantly. In heavy sec- a 
tions, such as the powerhouse mat and the stack foundation where high strength 
of secondary importance, a crushing ‘strength at twenty-eight days of = 
— 2,500 Ib per sq in. was attempted. - This mix contained 4.75 sacks of cement 
-percu yd of concrete. In all other structures a mix with a compressive strength 
of 3,500 lb per sq in. at twenty-eight days was as specified. The average | cement jae 
content of this mix x was six sacks per cu yd. 
All concrete jwas furnished from a batching plant, which was installed 
“ - the job site and had a capacity of 75 cu yd per hr. A careful scrutiny of b.* 


1“ Alkali- te Reaction in California Concrete Aggregates,” by Richard Merriam , Report 27, = 


bree, “Symposium on on ‘Use of Pozzolanic Materials i in Concretes,” Technical Publication No. 8 99, A. 8.T. M, 
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the quality c of concrete | and by qualified 


who had a fully equipped testing laboratory at their disposal. A total of 
41,500 cu yd of concrete was placed, and a total of 3,650 tons of reinforcing 
steel was used in the construction of the plant. ss 


The two rapes nt units of the Morro Bay Steam Plant have “a 


triple flow, and the generators. are 3,600 18 ,000 volt, 
condensers are of the horizontal, single-pass type. Part. of the weight 
_ the condenser is carried on the turbine exhaust, and the balance, directly 
by the foundation through an arrangement 0 of spring supports. acinivott 
oe Im view of the importance e and the value of the equipment they carry, great 
‘eare was exercised in the design and physical arrangement of the turbine- 
generator foundations. This required a cooperative effort. by mechanical 
and structural engineers. _ Based on information obtained from the turbine’ 
‘and condenser manufacturers, an outline of the foundation was prepared by 
the mechanical engineers, who also established its principal dimensions.? © It 
was the function of the structural engineers to analyze the behavior of the 
- foundation under static and —— loading and to prepare a detailed struc- 
Static loading, impact and maximum permissible deflections 
_ members directly supporting the machine were specified by the turbine manu-— 
_ facturer. These recommendations also included allowable stresses to be ea 
i’ the design and, as a guide, gave the desired ratio between the weight of the — 
om machine and that of the concrete foundation. With these criteria established, — 
the structural design of the turbine pedestal followed wt pattern of analysis 
established for rigid reinforced concrete frames. Bus 
= The capability of turbine generators has increased Hieatast in recent years, 
and there has been a corresponding i increase in the weight and — of ma- 


declan of turbine foundation therefore become ‘apparent. 
investigators as G. Ehlers," H. Kayser,!? and E. Rausch" have 
- contributed much to the development of suitable methods of analysis. — The 


_ German Bureau of Standards in recognizing this fact has included in a specifica- 


tion’ for the design and construction of turbine foundations a requirement for 


Foundations,” Publication No. GET-1749, Electric Co. 


1% ‘Foundation for a Large Turbogenerator,” by Paul Rogers, Journal, A.C.I., Vol. 23, November, 

q (1951, Pp. 213- 222. “iret. A Wel Gin be tee beer, 
_ “Berechnungen der Schwingungen von Turbinenfundamente,” by G. Ehlers, Beton und Eisen, 


__ _12“Theoretische und ausgefuehrte Versuche Fundamentschwingungen,” by 
H. Kayser and A. Troche, ibid., Vol. 24, January 5, 1930, PP. _. \Seeaillbelepetsioeal 


Berechnung von Dampfturbinenfundamenten,” by E. Rausch, Vol. 30, August 20, 1931, 


_ “Maschinenfundamente and andere dynamische Bauaufgaben,” y E. Rausch, Verein Deutscher 


48 “Stuetzkonstruktionen fair Rotierende BMesshinen (Tiechfundamente fir 
4 4024, Deutsch Normen, Berlin, January, 1955, pp. sais 
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Provisions of this specification eousider that: 


7 2. In order to avoid resonance, natural frequencies of + the istics should 
be either lower or higher ' than the speed of the unit. In either case the — 
ence between the two frequencies should not be less shen 20%. 
8. Natural frequencies of individual ben bents should be of the same order of 
er The dynamic stability of the foundation can be assured | my designing» 
“the structure for an equivalent static force. The magnitude of this static 
force depends on the weight of the rotating parts of the machine me the ratio 


on natural frequencies to forced frequencies of the foundation. _ 
the design of the turbine-generator foundation of the Morro 


£ Electric Plant, the foregoing criteria were incorporated. In Fig. 8 the dynamic 
The turbine generators of the Morro Bay Steam Electric Plant had not 
yet been set in service when this paper was prepared, ‘and, cons nsequently, 


performance data of the pedestals were not available (as of 1954). However, aq 


the Pittsburg Steam Plant, Pittsburg (Calif. )h had been in operation for two 5 

years. . The turbine generators of both plants are of the same rated capacity, 
7 and the design of the foundations followed similar lines. The only adjustments 
\@ made were to allow for condensers furnished by different manufacturers. = 

=} The performance record of the pedestals in the ‘Pittsburg plant is 8 satis- 


at deck level do not exceed 0.2 mile with a maximum amplitude of 0.53 mils 
recorded at the turbine bearing. The output of the ‘these 


The location of the plant near the city of Morro Bay and just off a as 
traveled scenic highway ‘prompted an architectural treatment that would | 
not obscure the function of the structure and would render it esthetically : 
_ pleasing. ~ Although the climate is mild and suitable for outdoor operation, 
ny 4 the close proximity of the plant to the ocean combined with a humid atmosphere ~ me 
dictated the necessity of a totally enclosed plant. 
ad A fluted aluminum siding | was chosen for the walls of the power — 


Service buildings, such as offices, machine shops, aad 
faced with porcelain-enameled steel paneling chosen for its resistance to ate 

fi mospheric attack. The finish of this material allows for choice as to color, — 

_ texture, and size of panels. In the Morro Bay plant it provided contrast and : 
distinguished the function of these smaller elements, avoiding the monotony 


that large ‘areas sof a a single material would have « otherwise onuual 
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‘WOODRUFF ON STEAM — 


M. ASCE.—An excellent description has been 
: : presented of the civil engineering features of a modern steam electric power plant. yal 
_ However, to the designer of a comparable facility this is less important a 
the description of the careful analysis of the various possible alternates which — 
preceded each step in the design. In the latter respect Messrs. Thon and 
have described methods of approach permitting considered judgment 
as contrasted with following precedent or making hasty decisions. sold 
upper strata are recent alluvial deposits subject to consolidation under 
load. Snap judgment would have dictated piles extending to the lower and “ 
r.4 firmer strata. . The careful investigation indicated that differential settle- 
_ ments could Gamat within tolerable limits by the rigid frame foundation c: 
Structure, which, contained other 
without the specifications of the ACI code® in the design of the: 
= it is believed that the assumption yn of Cc =0. 13, using the Society ian : 
recommendations,’ is somewhat conservative, the resulting sections give the 
possible distribution of the material for resisting seismic forces. OF @ 


_ §imilar analyses were used in securing the most economical solutions o 
the other problems. In this respect the paper is an outstanding example of 
the approach that should be given to all engineering designs. 


Jacos Feip,” M. ASCE.—In addition to the many engineering ideas 
_ advanced by the authors, a general description has been made of how aluminum " 
a materials were used for architectural surfacing o of an industrial building. 4 The 
usual blank wall surfaces, which make such buildings resemble odd-shaped 
barns, were given pleasing detail by using commercially available fluted sheets — 
in both horizontal and vertical positions. The contacts between the areas so 
_ obtained were covered by flat aluminum strips to form frames or borders, which 
differences in color reflection and an attractive pattern. 
As with many other structures, the control of Gittins 
BP a period was quite difficult and led to possible failure. One problem > 
_ encountered was the preparation and maintenance of the fine dune sand into 
the desired slopes. The continuous fine-spray control of the moisture content _ 
to the proper amount so as to prevent wind erosion and at the same cra 
protect against liquification and sloughing of 13 acres of surface is ‘no small 
project. . In a somewhat similar problem, the writer used a ‘spray of emulsified - 
3 asphalt into which fertilizer and selected grass seed had been mixed. _ The b 
14 asphalt skin aided considerably in | holding the surface, kept the seed a 
desired, and at the same time discouraged feeding by | birds. The asphalt 
in no way retarded germination and actually seemed to act as a delayed — 
fertilizer once the grass sp sprouted. DON NOU 36, TAROT 
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7 equipment will be a model for studies i in many foreign countries. The problem 

_ consists of the preparation of (a) potable water, which is _ known to be a 
pensive (b) water for industrial use, in which appreciable chemical contents 

can often be tolerated or compensated; and (c) water for agriculture _— 
not enough is yet known (1957) as to how far plants can be modified to reduce — 

- the necessity for salt removal. Ww ith the heavy plant growth in salt-water 
marahen, seems possible that food plants can be developed to permit irriga- 
to the « of metal alloys and bearings, which permit the 
: of sea water for lubrication ond cooling, instead “ normal equipment, which ; 

ard 
‘The description of ‘designs, estimates of the 
record of actual settlements is another valuable contribution. The reasons for ‘ 
_ the choice of a spread-footing mat on the soil as against a piled | foundation for 
— the main plant and its heavy equipment are given completely, and the result 
certainly justifies the decision. However, the mat under the stack is sup- is . 
ported on piles. It would be helpful to know why the opposite decision was 
ade in the latter structure, even though the soil conditions seem to have 
been the same and the loads are comparable. _ Also, with the expected settle- — 
ments closely checked by the measured dishing the main mat, could not = 
g the mat, thus reducing 


of hanging the boilers free of the foundation must have eliminated many 


W. Moorg,® M. ASCE. most | useful description of the 


necessity for equipment and piping However, the scheme q 


an : unusual design features of the Morro. Bay Plant has been presented. _ These 
- hg data will no doubt suggest valuable design concepts and greatly aid designers 
ino other ‘projects. 1 In reference to the foundation features of the plant, there 

are two that warrant particular ‘notice. The ‘first is the results 


7 - throughout the design period. The second i is s the attention given to to the a ; 
on the structural and design details of the settlement patterns expected a as a 
- result of the sequence of foundation construction and loading, 
PP. Different foundation d design criteria were used for the different plant struc- 4 
- tures—that is, a rigid mat structure for the main ‘power building, driven 
piling for the stacks, and ‘spread foundations for tankage and several other — 
smaller ‘structures, These selections were the ‘result of shaving ‘considered 
= : the cost and behavior of each unit ‘individually, and the resulting | economy 
_— was substantial in comparison with the use of a single foundation design for 
the entire site. » & ‘Such results could not be o obtained if the foundation explora- 
tion and subsequent reports had been made and completed prior to and sepa-_ 
rate from the development of the detailed structural designs. For this project — 


an initial phase of the foundation exploration was undertaken as an aid to the r q 
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ON STEAM PLANT 
site selection; this p prov ided some e data for preliminary 

the structural requirements and possible foundation types received de- 

_ tailed consideration, supplementary explorations were made of | the soil struc- — 
‘ture at the particular locations of important units. s. The data obtained from y 
laboratory tests of these soils were used in studies of the capacities, settle- 
‘ments, and costs of alternate foundation schemes being considered to fulfil Be ; 
the ‘structural requirements. This: process. frequently involv ed several pre- 
liminary consultations between the structural engineers and the foundation _ 
engineers, and approximate design studies were often made before the final 

a has often been otated tet differential settlements usually cause trouble 


4 ren of a “complete unit of a be. performed so that the 
ca load is applied at a uniform rate over the entire area of the unit. 
- Therefore, the time rates of settlements as well as the total settlements often 
have’ an important bearing on | differential movements between parts | of the 
= and on conditions of strain or stress that may be created by these 
- movements. For the subject project the time-settlement studies presented — 
fi by the authors (Fig. 4(c)) were prepared to enable consideration of the effects — 
on the structure that might be caused by settlement during the dewatering — _ 
period and during the periods of applying structural loads. For these studies — 
the stress conditions in the soils were evaluated by use of tables” of stress 
distribution by Nathan M. Newmark, M. ASCE. The studies 
were based on consolidation test data obtained in the laboratory, using 23- 
 in.-diameter-by-1 -in.-thick | core samples of the soils retained in thin brass 
aan The sleeves surrounding the samples enabled some of the friable 
| 3 loam and weak clayey soils to be handled and tested with a minimum of Es 


The settlement data presented by the authors is of particular importance | 
_ because it gives detailed information from the start of the foundation loading 
period. In the writer’s experience, it has often proved difficult or cing 
to maintain reliable settlement records during the construction period. Such © 
— data are of major value if valid comparisons are to be made between settlement 


field « often the only settlement data available are taken after 


_ the construction period, and the results may indicate slight settlements, which == ‘A 
are sometimes assumed to show that the computed settlements were far too j 


large. The profession. certainly has much to learn about analysis | and pre-— 
+a ~ diction of soil behavior, and data of the nature presented in the paper al 
4 


Re invaluable to progress in this direction. Pare 


is GrorGE Jonvy. of each step prior to the 


the method of determining the proper type of considering 
a the varying strata and subsoil encountered and the complex loading of the mat. Bs 


19 “Tnfluence Charts for Computation of Stresses in Elastic Foundations,” by Nathan M. Newmark, 
"Bulletin No, 388, Eng. Experiment Station, Univ. of Illinois, Urbana, November 10,1942, 


 Mgr., Chimney Div., The Rust Eng. Co., Pittsburgh, Pa. bevureni 
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= the curves of the final design with those. of the tentative design, and 4 


velocity. gases. These are designed on the basis. em- 
pirical equations concerning the additional stack height that is obtained by 
- emitting the gases at a high velocity so as to nullify, in so far as possible, | 
3 the combined effect of humidity, and wind velocity. ‘Naturally, 


_ bent by one or all of these agents, and this estimated height of plume is termed : 
“added stack height. " By utilizing this plume effect, the actual structural 
7. height of a chimney i is somewhat reduced, and this, in turn, reflects on the 
_ initial economy of the structure both above grade and in the foundation and : 
- -The Pacific Coast area is one that must be scrutinized carefully as a re-— 
sult of the earthquake potential. The thoroughness with which the chimney 
was investigated, both for the tentative design—which materially established 
certain clearances—and for the final design, does credit to the authors. — lweit 
_ For more than three decades the writer has witnessed the development ‘et 
- growth of the chimney industry. One must marvel at the ability of some — 
_ chimneys to resist conditions beyond the scope of their design; on the Pacific | 
= there are chimneys that have been designed to resist a wind load of 20 
Ib per sq ft of projected area, and many of these chimneys have successfully — 
undergone fairly heavy earthquake disturbances. The writer has designed 
fl chimneys for the Pacific Coast area as well as in other earthquake areas of the * 
world. Iti is Surprising how engineers have been attempting for many years a 


to establish a a correct design procedure in order to provide a safe structure — 


under severe earthquake conditions. Most chimneys involve a difficult de- = 


sign problem, and it is because of this om the professional societies have 

_ attempted to achieve a uniform solution. These activities have been em- 

_ phasized in the method of investigation of the Morro Bay chimney « structure. 
fae writer does not believe that it is proper to design a chimney by applying 

a uniform earthquake coefficient to the entire structure. — Chimney designers 
ia use the theoretical formulas that have been established. At the same 

time, means must be found whereby the over-all economy of the structure, 
_ from a design standpoint, will guarantee t! the safety desired through use of the ‘ 


theoretical formulas. graphs shown in Fig. 6 indicate the comparison of 


certain codes. In principle, they embody the Society « code using the seismic © 
‘coefficient of 0.13 and the ACI code with a uniform seismic coefficient of Bs 
0.20, which h was generally used in | areas of greatest seismic probability. , Com- 1 


particularly with curve 3, which is predicated on the ACI 1953 code using ' 4 


seismic coefficient of 0.20 for the lower one-fifth of the height and an increasing — i : 


coefficient for the remainder of the height, it will be noted that this latter code ss 
will provide an excessive amount of rigidity, particularly in the central three-— - 


However, the writer’s primary interest is in the 450-ft-high reinforced 
— 
— 
— ig 
q 
| i 
| 

| § ‘ 
— 
— 
q | 
— 
|. 
_ improved from a structural-design point of view by either of the following: 
— 
— 


MERICAN, i SOCIPTY (OF CIVIL ENGINEERS 
st . A seismic coefficient of 0.20 could have been used for the bottom one-_ 
fifth of the chimney, and a seismic coefficient of 0.13 or 0.15, for the upper 
four-fifths of the chimney ; increasing either of these latter coefficients in the | 


rigid structure in ‘the middle | three-fifths without ‘materially i increasing the 
2. For a chimney slightly less rigid, , a seismic coefficient of 0.13 could have 7 
4 = used for the bottom 90 ft and increased for the remainder of the ne height 
4 according to the ACI 1953 code. DA BEET odt of sore 


These recommendations for an improvement | of the design are not intended 


as a reflection on the designers’ judgment, but rather as an expression of the 
a writer's opinion n that additional rigidity is needed in the central three-fifths of 
5 any chimney structure subject to earthquake forces. In the Pacific Coast area 
_ the most pertinent illustration of this requirement might be the earthquake 
: effect on the 375-ft chimney at the Seal Beach Power Station, Seal ae 


- (Calif.). This chimney was superimposed on a structure, and the upper part 
of the chimney was substantially affected by an earthquake in 1933. 
Bet The writer again wishes to compliment Messrs. Thon and Coltrin for their _ 


excellent analysis in connection with the Morro Bay chimney. The writer 
believes that a has that will give many 
years of excellent serv rice. 

all parts of the unit to resist any Dear defects due toe erosion, corrosion, ,and 

__ velocity pressure that might develop in these high-velocity units, 


Gzorce Tuon,™ M. ASCE, np Gorpon L. Courrin,” A. M. ASCE.— 


The opinion was expressed by Mr. Woodruff that thn ‘ecbeahioes « of the seismic 

- factor of 0.13 for the design of the 450-ft-high concrete stack was conservative. 

As explained by the e writers, this factor was selected because « of the desire to” ra 

have the bending moments at all sections at least as large as s those produced a 

by a constant acceleration equal to 20% of gravity. The latter criterion has = 
been commonly used in California when designing structures as important as 

- Fg a a central steam electric station, where interruption of services might ‘not only 

= cause substantial financial loss but also widespread public inconvenience. __ 
a Feld Tequested the reasons for selecting a piled foundation under the ; 


= whereas a floating-mat foundation was used under the main building. 8 
= To? of for ates Zar the exe 

1. The unit soil pressure under the buildings was reduced by 1.6 kips per 7 


sq ft by. the removal of 16 ft of soil and the construction of a basement. 
Be was not readily adaptable to the foundation of the stack. ks Also, in order 2 


The layer o of weak to soils at the end of 


the plant proved to be of variable thickness. The consolidation of this 


at stratum might have caused | uneven § settlements, a most undesirable fes feature i in “she 


% Chf. Civ. Engr., Power Div., Bechtel Corp., San Francisco, Calif. —_ 
—_— Civ. Engr., Pacific Gas and Electric Co., San Francisco, Calif. S 
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“that were continued and that. of bench 
4 and 5 in Fig. 4 ceased at approximately 1j in. Points 8 and 13 came down ~ 
to 13 i in., and no further movement has taken place. These observations w 

taken at monthly intervals, the last being i in February, 1956. i ign 

_ Mr. Jordy suggested that it might have been more structurally sound if a 
constant seismic coefficient of 0.20 had been used for the bottom one-fifth of 
the stack, and if 0.13 or 0.15 had been adopted for the upper four-fifths and 
distributed according to the 1953 ACI code. The writers considered a similar 
solution; however, after considerable thought, they decided against such an 
“expediency, which would have failed to comply with | either the ASCE or the 
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TRANSACTIONS 


DEVELOPING PORT FACILITIES 01 


add dey HOUSTON’ S SHIP CHANNEL lo. 
Brant, anp Frank H. Newnam, 


et ead {oan Hal pil te tavont 


ud In the past virtually all | aa and fp private wharves at the Port of Biéteton 


a (Tex.) have been of the marginal type because of the unusual nature of the | 
_ Houston Ship Channel. rt Unlike most deepwater ports, the turning basin of the eo 
- Port of Houston is 50 miles from the open 1 sea, (the Gulf of Mexico) and was ' 
developed by dredging a narrow, shallow, winding stream known as Buffalo — 
i Bayou. 3 As an inducement to industry, a strip of land, 2,500 ft deep on each 


side of the center of the channel, was taken into the city of Houston but was ‘ 
declared exempt from city taxes. As a result, industrial facilities and their a 
‘ private wharves were forced to be developed as close as possible to the channel, a 
the utilization of marginal wharves was thereby dictated. 
r & The property owned by the Port of Houston, on which the present public __ ; 
: wharves are located, is relatively shallow i in depth, and its wharves have also Pd ag 
been of the marginal type. However, the port has recently acquired a atractof 
4 land of sufficient depth to consider constructing pier-type wharves and slips. A 
_ Because of this fact and the desirability of properly planning in advance forthe _ 


_ most economical ultimate layout of the new area, detailed studies ‘were under- 

: _ for an approved plan of development for this area and for the estimated 4 
. cost of the incremental parts. These studies included visits to other major 
deepwater ports in the United States and conferences with representatives of 


various agencies that will utilize the 1 new facilities. 


 (aloagge facilities and pier-type e facilities. After a careful examination was _ 

made of several possible layouts, the “marginal-wharf” type of development a 
‘was recommended as being the most satisfactory for the site conditions. = =— 
= -Nore.—Published, essentially as printed here, in May, 1956, in the Journal of the Waterways and ( 
Harbors Division, as Proceedings Paper 965. Positions and titles given are those in. effect w! when the paper ’ 


or discussion was ‘approved for publication in Transactions. 
Partner, L Lockwood, Andrews & | & Newnam, "Cons. Engrs., Houston, rot 
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SHIP 
IDKMA. JIVID. AO VADINAMA. 
a Research at the — of the study revealed a lack of information and 


usual deepwater port in the | United States. As shown in Fig. 1, the 22 
frontage, which is referred to as the Port of Houston, extends along both ‘sides 
of the Houston Ship Channel for 25 miles. The turning basin, at the head -. 
_ deepwater navigation, is 50 miles from the Gulf of Mexico and 584 miles from 
- the end of the jetties. The) upper part of the channel has a bottom width o of 
; a 250 ft and a depth of 36 ft, but it has a proposed ultimate project depth of 40 ft : 
> d and a channel width of 300 ft. The history of the ship channel is interesting i. 
- _ because local interests paid one-half of the initial cost of construction in a field 
_ in which the federal government has traditionally assumed all the burden. — In 
_ the amount of tonnage handled, the Houston Ship Channel ha: has ranked anked second 
of the deepwater ports in the United States. $= 
__ In order to attract industry a strip of land, 2,500 ft deep or on each side of the af 
center of the channel, was taken into the city of Houston but declared exempt . 
q from | city taxes. This forced the e development of industrial facilities to be as 
as possible to the channel, ‘thereby helping to dictate the utilization 
‘Marginal- -type wharves. ve. » 4. aly, td. ol: b 
Although the Harris County-Houston Ship Channel Navigation District 
(the Port of Houston) owns and operates considerable port facilities, these 4 
facilities are are & asmall percentage of the total the ship channel. _The tracts a 


Ww harves constrasted by it to date (1956) have a been of the marginal type. _ | 
_ However, the Port of Houston purchased a tract of land southeast of the i : 
public grain elevator and less than 1 mile , downstream from the turning basin, ry 
S which, together with two small adjacent tracts planned forpurchase,contains328 _ 
acres and sufficient depth to permit the consideration of the construction of " 
slips for virtually the first time. _ This property has a total channel frontage of a 


sini ft and an average depth of approximately 1 is 


important factor i in considering the is the 

ae the land, which is at El. +25 to El. +30 along the channel and rises to approxi- 

a mately El. +40 at the rear. The disposal of spoil from the area will be expen- | 

7 @ sive inasmuch as the closest dumping grounds for hydraulic spoil disposal are 

more than 1 mile distant, and a considerable distance farther for spoil hauled 
away i in vehicles. The problem of providing spoil- -disposal areas for mainten- y 

ance dredging and for widening and deepening operations is rapidly becoming a 

_ serious problem for the upper section of the ship chanel il eh 


_ as ~The 328-acre tract of land i is the last tract of any size that i is available to ad & 
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— Because the tract has : sufficient depth to permit the consideration | of “finger "a : 
i pier” or “‘slip’’ type of construction as well as of the marginal-wharf type, it was a 
¢ decided that thorough engineering studies be made to determine i in advance the 
‘most advantageous layout of w yharf and dock facilities for the area. ~The 
_ cilities include all supporting facilities and operations, such as shipping, truck- 
_ ing, railroads, handling and storage of ‘cargo, utilities, and roads. it was also © 
desired to obtain preliminary estimates of oohatruction costs of the facilities 
included i in each of the schemes considered. 
‘The port engaged two Houston consulting engineering firms to make this a 
7 study jointly. The por ort will be enabled to adopt a full layout plan of the area — 
: that its ytd by stages will eventually produce the best layout of. 
facilities for the entire 
i Although many layouts were considered, the essential comparison made was 
between the ‘marginal-w harf type and the finger-pier type of marine terminal 
facilities, and only these two basic schemes are examined herein. One basic 
structural design of the wharf and pier ‘substructure—the design 
Pu Wharf No. 8, the newest wharf at the port—was selected | and used in all. 
schemes solely | to develop comparative cost data based on 1955 prices . It was) 
é recognized that detailed analyses and, probably, different designs would have 
to be made for each s separate facility : at the time that contract plans and speci- "i 


fications were prepared. | 
fications were prepare col 


te 


my The schemes for the development of the area recommendations a 
contained i in this study evolved from: 


study of the principal features of tl the site, including location, topogra- 
_ phy, utilities, transportation facilities, and probable future usage pan eer, 


_ 2. Preliminary development of several basic types of layout considered for 


38. Scheduled | conferences and consultations with officials 0 of the Port 


Mobile (Ala), Long Beach (Calif. Los (Calif), and New 
 -§, Astudy of written material published by port. officials s, surveys by various 
organizations, and 1 governmental publications ; and _ 


6. An over-all study o of the various ‘schemes | for the utilization mot 
_ the new area, comparative cost data, and the particular anticipated needs of : q 


INFORMATION FR FROM Inspection oF Mason P 


—The e major po ports of San ‘Francisco, New York, ‘Long Beach, 


Angeles, New Orleans, Seattle, and Mobile were visited in order to obeerve the 
: most recent and modern layouts of marine terminal facilities of both marginal- — 


| 
4 
“4 | 
a | 
= 
eo Aa _ other interests pertinent to the operation of the facilities and handling of cargo PS 7 
ee ~ ___4_ ‘Visits to and observations of the latest facilities of several major portsof =| 
— 
— 
— 
— 


= each port authority. _ Basic dimensions, , arrangement ¢ of facilities, amount _ 
storage and handling space desirable, and other principal features o both the _ 
finger-type and marginal-type piers were studied. From the standpoint of 
operation the advantages and disadvantages of the use of finger-type = - 
and marginal- wharves, or combinations of both, were studied, and recom- 
mendations were sought concerning the best utilization and development of the r= 
The information gained in observing the new wharf facilities at each r major 
port has served as an invaluable guide and check. Observing older and out- 
-moded installations has also been beneficial be because the faults and deficiencies 
“stressed by the port officials serve as adequate wa warning in the planning of 
similar ‘installations. - In examining the information and recommendations 
_ received, the basic differences between the ports observed and the Port all 
" Houston—such as types of cargo handled, arrangement and size of waterw ays, 


in preparing the layouts of wharves and other facilities. at, 
San Francisco—The marine terminal facilities serving the Port of San } = 
= Francisco are virtually all of the pier type and are located along the west shore a 
A line of San Francisco Bay. - This bay, Ww ith its vast area of deep water, provides — 
res ample space for anchorages and the proper handling and turning of vessels and, 


4 therefore, is ideally suited for finger-type piers. _ Because this port is one of the 


was by by rail almost ‘exclusively. ‘ At the present time, such shipments are ap 
proximately 25% by rail and 75% by truck. New facilities at this port, such 
as the Mission Rock Terminal, make full provision for a large pav ed. area inside 7 
- the pier for the m maneuv ering, parking, and docking of a large number of trucks. _ } 
__ It was recommended that piers be only one ship’s length (from 800 ft —_— 
tos 850 ft long) because of the difficulty of berthing the inside ships for piers th that 
are two ships i in length. -Howev er, when the latter piers are used they | should ie 
be from 1,200 ft long to 1 ,400 ft long. In either case the piers should be wide —_ 
_ enough to permit a ship to be berthed across the end of the pier. — Other rrec- 
/ ~ ommendations v were that (a) the width of the slips should be one ship’s length, 
with 225 ft as a minimum (300 ft desirable); (6) the desirable width of the Pa. 
transit shed should be 200 ft; (¢) the of | the ‘paved ai area between back 


in transit sheds; (e) the desirable dock height for ti trucks should be 48 i in. ; and ff) A 
width of the rear apron should be 15 Rea bad fw | a 
; New Y ork —New York is the largest port in the United States and also one 
ot the oldest. It has a variety of wharf types, but the finger-pier type of con- a 
_ struction predominates. _ For all the port facilities there is an ample : area of - ao 
water | in front of the wharv es to permit the n maneuvering of vessels during 
docking operations without interfering with the other water traffic. 
Po. of the newest facilities, and one apparently considered | to be one of the 


nost aatistactory in the. area, is the Port of Newark (N. oll ) located on a large 


wharf type and finger-pier type, and to discuss such layouts with and to re- 
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CHANNEL 
artificial channel connecting into the west shore of New ark Bay. ya This facility 
is of the » marginal-wharf type ‘and is considered to be m more efficient and — 
a satisfactory from the standpoint of operation than any of the finger-pier type 
" of ¥ wharves. _ Two interesting features of this facility are (1) the offices located — 
4 in n each shed opposite each berth at a second story level, which permits full view — 
_ of all operations and provides storage space under the offices; and (2) special _ 
cargo rooms for valuable cargo storage in the sheds. 
From 80% to 90% of the land shipment i is by truck, and a 100-ft-wide area ce ; 
7 = paved behind the rear apron of the transit sheds. There is a definite ad- 
ee in having large paved areas weyren and separate from the shed area — 


7 ‘The officials of the Port of New York Authority, as in the case of the Port 
7 of San Francisco, considered that the ideal width for a transit shed was 200 ood 


“berths and from 45,000 sq ft to 90 ft for Class B 
2 The width of slips—a 300-ft minimum if the slips are at right" angles to 
the channel, otherwise they should be wider; i hotive 
4. The width of the rear apron—17 ft with an 18-ft canopy; fim vd 
an The dock height for trucks—48 i in. and igs — 
6. “The lighting i in transit sheds—industrial- fluorescent lighting at. 
7 20-ft centers, providing 8 ft-c i in the warehouse area plus: transparent sheets i in 


Long Beach.—The Port of Long Beach is essentially man-made 
_ consisting of an inner and an outer harbor area and a large number of modern ~ 
- facilities constructed by the Port of Long Beach and the United States Depart- ow 
ment of the Navy. Although both pier and marginal wharves are operated, a 3 oy 
‘ port officials believed that marginal wharves were the most desirable and econ- : 
omical to operate. Here again, the new transit sheds are 200 ft wide, ‘and 
7 clear height of 20 ft was desirable. The wharf apron is 50 ft wide with two 
=f _ Tailroad tracks 9 ft and 22 ft from the fender line. There are two spotting 
tracks and one running track behind the sheds. add (9) pal 
There is a 300-ft open wharf and storage area between sheds, which 
- _ from wharf-apron level at the front to track level behind the shed, and ‘the 
wharf lead tracks run up this ramp grade. if 
ss and railroad car approach to the wharf apron and apparently does not ere & 
any handicap in handling cargo on this open storage area. a 


Los Angeles — —This port also has both the finger-pier and 


a. Ww sharves, located at San Pedro Bay, which provide ample space for the maneu- 
of vessels. | are ‘generally fron from 3 35 ft to 37 ‘ft, Tear 


— ial 
— | 

| 

needed for the maneuvering of vessels in docking for this type of facility. 
This distance would be exclusive of any space required for the passage of other 
Ag 
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“aprons are 16 ft 16-ft canopies, and transit-shed widths a are 200 ft. 
} Paved areas, from 100 ft wide to 150 ft wide, were provided behind the transit | 
sheds for the maneuvering and docking of trucks: The open wharf between 
= sheds is ramped up from truck and track level behind the shed to the wharf- 
on the terminal island fronting the main channel are 
built diagonally to the hvac’ with the slips being 300 ft wide and 100 ft long 7 ; 
_ and with piers being approximately 450 ft wide. These piers and slips are 
considered ideal for the operational needs of the railroads, which handle a 
7 jority of the tonnage, the railroad classification and storage yard being located 
immediately behind the end oftheslip;, 
New Orleans. —The marine terminal facilities of the Port of New Orleans 3 
located along the River i in Louisiana and consist generally | of 


a to the river in New Orleans restricts the depth of land available for maa - 

To Many of the marine facilities | at New Silica are quite old and outdated, 4 
2 ij and, because of the extensive use of manual labor in handling cargo in this area, 

- many of the transit sheds are bar ft wide or less. — ee is 2 minimum of rail: 


This port is correcting many of its unsatisfactory conditions by constructing 
_ the new Napoleon Avenue wharf, which will have a wharf apron 47 ft wide, a 1. 
"transit shed 200 ft wide with a 19-4 ft clear height, and a rear 30 ft fe wide 


M obile. —The mont modern facility at this is 


second story level for each berth. The loading apron at the back of the shed 


‘is 25 ft wide and differs from most of the other new facilities in that no perman- — 


Seattle-—Seattle has two harbors: One is a fresh-water harbor serving the 
lakes, and the other is a salt-water harbor with the principal facilities located 
in Elliott Bay. This bay i is spacious and deeply sheltered. free of hazards 
to navigation and is ideally suited to the pier-type layout, and the majority of - : 
- facilities are of this type. The observations made in this visit and the com- 
ments and drawings officials have added useful data 


~ 


were scheduled with: vallroad officials, operators of 
and stevedoring companies, and representatives of trucking in- 
q terests. . A separate conference was scheduled with each group because each »- 
had its own operational requirements. It was the main ‘purpose 


: these conferences to obtain a frank examination of the basic needs and opera- 


tion ‘requirements of each group and to incorporate their recommendations — 
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layout and arrangement must be a compromise. rot 
a au Steamship and Stevedoring Companies —All steamship and stevedoring com- 
“4 pany es the marginal- -type layout. This type facilitates 


berthing of ships in waterfront area by the 
Houston Ship Channel. It was felt that the pier-type construction would re- a 
sult in slow, costly, and hazardous berthing operations on the narrow channel. 

7 It was | also felt that any type of finger-pier | layout should provide a minimum 4 
as distance of 900 ft from the end of the pier to the far edge of the ship « channel i in 
_ order that anes may safely enter and leave slips. This 900-ft distance does — 

TABLE 1.—Dimensions AND CRITERIA AGREED ON BY STEAMSHIP 


one ship icngth) sh 
of (transit shed) bast 
Overhead clearance in warehouse 


Width of songs 


‘Double railroad crossovers, front apron ive 1 at center of each berth eas 
Single railroad crossovers, front apron lat each end of berth 


_ @ Rear loading platform should be covered. * Front apron tracks should be far enough apart a 

permit operation of crane on second track. ¢* Dimensions or criteria are the same as in (a) with noted | 
exceptions. 4 Running track needed along with two snouts ng tracks because tracks serve a greater number 
of berths than in finger-pier layout. — _ Minimum number of tracks is two, but preference for three tracks” 


not include any room for the passing of other vessels, which would delay traffic _ 
ze aot The minimum basic dimensions and arrangements of facilities shown in 
_ Table 1 for the finger-pier type of layout were generally agreed on. asibute 
Railroad Companies.—In the conferences with representatives of the various 
operating railroads, these representatives all agreed that the finger-type layout 
is most desirable from the standpoint of the operation requirements of the rail- 
roads, because this layout effects the most economical and most simple switch- 
_ ing and handling of cars within the wharf area and makes it possible to reduce 
_ the time required in moving cars from the spotting tracks at the loading aprons 
was agreed that the following factors were desirable and applicable to 
both the marginal- -type construction and finger-pier-type ec construction : a 


be- 


a = and proposals, in so far as possible, in the layout of the new terminal facilities. J ; 
3 
: 
— = 
— 
— 
Width of paved loading area behind 
Number of railroad tracks on front apron¢................. | 
‘Number of railroad tracks at 
— 
be: 
— 
2 
— 


{ 


An minimum spacing of 13 ft between in order 
- to provide double crossovers the limited space available at the front apron may 
require an increased spacing of approximately 19 ft; and thoy 
storage yard capable of containing 500 cars for the entire area 
storage track lengths of approximately 50 car lengths. == = | 


od TABLE 2.—Summary or ANswers RECEIVED REGARDING 


Lone Beach (Cauir.) HARBOR Faciuities 


i Depth at low water, of main channel to outer and inner harbor, : au 
width of main channel to outer and inner harbor, in 
Depth of slips alongside marine terminals, in feet 
Width of slips between piers of approximately 2,000-ft length, eet > 
Length of berth for largest ocean-going vessel, in feet 
of ‘berth for ocean-going vessel, in fest. 600 ad 500 lai} 


9 ne bites 
cont. cop. | 


Vertical of water-side door openings, | in feet. . 
Vertical clearance of land-side door openings, in feet Ja 
Widths of water-side door openings, in feet Hay 22 
_ Widths of land-side door openings, in feet 
_ Vertical clearance of door openings in end of shed, in feet. 14 
7 Width of door openings in end of shed (two doors), i in feet. 1 a 
One-story or two-story transit sheds Wa 
Ww idth of roadway space between sheds (including track facili- i 
Width of rear loading platform of transit in feet 
_ Number of railroad tracks on apron wharf of shed 
Number of spot tracks in rear of transit shed. . . Lit 


4 ning track would be desirable for the front axeoa, with a single crossover at the 
2 end of each berth extended to the running track adjacent to the transit shed. 
An outlet from the running track to the storage yard should be located at Ta 


in At the rear of the rear apron there should be two spotting tracks, with the oe 
-_ track 84 ft from the rear apron edge, the “second track 13 ft on centers Be = 


overs for these ‘souadh should be provided at the end of each ‘warehouse. ‘The a 
independent switching of cars for each berth could also be obtained by having e 
es independent ‘“‘dead-end”’ spotting tracks at each berth, with lead-i -ins from the 
running track ‘at one end of each berth. ti, 


Trucking Companies. Representatives of the trucking companies had 


preference for either the layout or finger-pier-type 


—— 
A maximum grade of 1% for connecting tracks; 
ht 2. A minimum curve of 12° 30’, except in a few special critical areas in _ . 
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apron for marginal-type wharves and a 150-ft paved leading area between 4 
u Tica It was recommended that the rear aprons of warehouses be 20 ft wide, be _ 
covered for the full width, and have a platform height of 48 in. ts 
ie 4. Driving lanes inside the transit sheds were also lso recommended to permit of 
: handling of large volumes of packaged merchandise, § such & as sugar, flour, and salt. 


One large (150-ton) loading device and one small loading device should be 
provided for loading and unloading cargo in the open storage area. Ample 
- space for par parking and turning g of trucks in the parking | and holding areas was 
also requested. Attention was directed to the increasingly higher percentage — ; 
of land shipments by trucks instead of by rail from major ports of the country. 
Other References. —Studies were made of other useful data concerning desir- ; 
able basic dimensions and layout of marine terminal facilities. These references — 
included United States Government publications, such as the port series pub- — 


the United States Maritime Commission, and the 1953 r report of the Port De- 
velopment and Construction Committee of the American Association of Port 
Authorities. _ This committee sent questionnaires to to various ports concerning ; 
the basic dimensions of terminal facilities and a second set of questionnaires to 
nite and stevedore companies on the Pacific Coast for use in future de- 
velopment a at the Port of Long Beach. . The information | in these question- — 


l- ooo all the data previously « described had been review ved and analyzed, it 


_ was considered necessary to adopt certain standards for basic dimensions, — 
_ arrangement of facilities, and other criteria common to the various wharf fa- a 
cilities in order to compare a alternate schemes or on | an equivalent basis. - Althou gh ; 


facility should receive a more thorough and careful analysis during 
/ it preparation of contract plans and specifications. It was also felt that many of _ 
_ these basic dimensions could be varied to suit the particular facility as long as 3 
the variations did not interfere with the ultimate coordinated development of of q 
_ the layout that was finally selected and adopted for thisarea. | = 


For the marginal-wharf type of development a pattern was adopted that : ’ 


provided two berths with sheds followed by one open wharf. Because each 


ws Mp 


berth was 600 ft long and because the shed allocated to each covered berth was 
_ only 500 ft long, considerable study of the spacing of sheds along the wharf was — 


4 required, and first consideration was given to centering the sheds on each berth. : 


_ therefore, it seemed more desirable to place the two 500-ft sheds together and © 


make one shed 1,000 ft long with firewalls. ‘This arrangement leaves an 800- 
ft-long open wharf between sheds on the marginal-type should | be 
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—- needs for. open . storage and sheds, but it also permits railroad po 


to the front tracks ateach third berth, 


_ In adopting criteria and dimensions for transit sheds, because of the — 4 


of pilferage no provisions were made for truck and railroad-car traffic inside the 
shed as part of the normal cargo-handling operation. - However, using the bee 


_ plans presented herein, it would be possible for trucks to enter the shed from — 


Visits to other major ports of the United States have indicated the wide- 
% ; spread use of, and the urgent need for, paved areas behind the wharf facilities a 
personnel parking, holding yards for trucks, and open-cargo storage. 


i determine the quantity and location of such paved areas. Although the exact ’ 


Note: Open wharf slopes from El. +20. 


at front to El. +18 at rear 


AND SHED, HARF Pus: 


nye lo 


Fie. 3. —Serction or AND SHED, Finczr- 
“usage cannot be defined at this time, the need for r such paved a areas has been 7 
‘recognized, ‘and an amount has been included i in the cost estimate for these 
areas, located along the ee road paralicling the waterfront, and for a truck 
_ The design water depth at the fender line was selected as El. — 40 because — 


without long. a transition section. reasons for selecting El. 

EL +21 for aprons at this port are: ph bay 

. The high ground on which the wharves must be built makes a high eleva- 
+t. desirable from the standpoint of economy in the removal of earth and the _ 


new marine terminal facilities are built, thorough studies should be made to 


mentioned that the arrangement of two berths with sheds followed by one 
4 | 
— 
— 
— 
nig 
— 
— 
— 
> = ge 
— 
4 
— 
a ‘this 18 the project depth for the Houston Ship Channel. The elevation of the i 4 Ae 
wharf apron adjoining Wharf 16 is El. +18. However, the two newest wharves 
=. in the turning-basin area are at El. +21. El. +20 was selected as the apron 
an 
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(| 
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‘SHIP CHANNE L 


nation of high tides from 
plus rainfall in Buffalo and San Jacinto 
usually accompanies tropical hurricanes, can produce extremely wae 
water levels in the ship channel. wi ike baw sath 
TABLE 3.—Basic Dimensions anp Crirerta en beds 


Width 200ft 

Clear height (bottom of roof truss to floor) 
Width of rear loading platform 


i Width of canopy, rear loading platform (extended to center line of 
first track 


Width of paved loading area back of of shed 
i Marginal wharves 


(distance between rear platforms) 


Minimum track spacing 
Maximum grade (where economically possible) 
Length 
en ‘stora, e yar 
eth ge 
Number of tracks, wharf apron... 
Number of tracks, behind shed. 
Double railroad crossovers, wharf apron (between spotting tracks)..} 1 at center of each berth 
wie Single railroad crossovers, wharf apron (between spotting tracks | ~~ 
r si and extended to running track) 
i 


Lat each en end of berth 
ngle railroad crossovers, behind ehed (independent switching of 
be at each berth). 


1 at each end of shed 


Number of wharf apron 
ON umber of tracks, behind shed 


Single railroad crossovers, behind shed (independent | 

- ag of cars at each berth where more than one berth length of pier). . glat ntered ed between be ae w 
_ f Double railroad crossovers. wharf apron 1 at center of each perthe 


‘Main road width. . 


44 ft 


i ‘ 


The basic dimensions and arrangements adopted are listed in Table 
- Fig. 2 shows the principal dimensions and elevations for a typical section of q 
_ wharf and shed under the marginal-wharf plan of development. Fig. 3 shows — 
‘ the principal dimensions and elevations for the slip, the shed, and the area be- 4 
eat 
tween sheds | on a typical cross section of the finger-pier plan of development. a 


ype wharf facilities, sharf 


The steamship and stevedoring companies prefer the high elevation. 
— 
— 
— 
Length per berth (margin 
j Single slip length (pier ty, 
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"facilities, or both. 
— lished on this alah _ Therefore, it is believed that the criteria in Table 3, 
even though they are considerably modified for other locations and conditions, 
_ will be of value to others confronted with a pom problem o of planning the we 7 


—After a pr a preliminary study had been made of the various 
y = layouts of facilities, four schemes were prepared for the best utilization and de- | 
\ = velopment of marine terminal and supporting facilities i in the area under study. 
: - One of the four schemes concerned entirely marginal wharves, one entirely 
a) piers and slips, and two schemes were combinations of the preceding two. It 
was found that the ‘decision rested between t the two basic types of layouts; : 
-y therefore, only these schemes are considered herein. 3 Fig. 4 shows the marginal- 

_ type-wharf plan of development, and Fig. 5 shows the finger pler-type-whart 
pian, of development. Each scheme has certain advantages and disadvantages. 
Therefore, the final choice ¢ should be based on a careful analysis of these factors. 

_Marginal-Type-Wharf Plan of Development. —The best layout utilizing 
marginal- type wharves is shown in Fig. 4, in | which transit sheds and wharf. 
aprons parallel the ship channel. This ulen provides for fifteen new berths; 
ten first-class, covered steamship berths; and five open wharves. Because of 
the small scale the railroads are not shown i in Fig. 4; however, the location of 

- railroads i in relation to the front : apron and 1 rear apron ‘are chown i in cross section 
in Fig. 2. From the running track in the rear and from the classification eb 
‘tracks connect with tracks o on 1 the front of the apron crossing 


i ae 4 passing to the transit shed on the south and the other passing to ‘he front ¢ = 
_ the transit shed on the north of the open wharf. ists oe 4 
= ae: The marginal-wharf-type layout is considered safer and the most suitable — 
for navigation operations on the type of waterfront provided by the Houston 
‘Ship Channel, which consists of a relatively narrow waterway on a meandering — 

alinement . This scheme i is preferred by both steamship and stevedoring com-— 
oi, panies and is ; considered to be the best one for | the safest and also the most 9 | 
economical handling and berthing of ships 4 

foregoing layout required less depth of land area and far less af 
= excavated materials than the finger- -pier-type layout. $ Quantities of excavated 
- - dredged materials to be spoiled are approximately one-sixteenth of the 
quantities required i in the scheme using piers, which will be Teflected herein in 
= cost estimate which indicates the total costs of excavation and spoil of such 
- = = In | addition to any ¢ cost savings the selection of this scheme would — 
mean that considerably | less sp spoil would be “placed in the dumping ‘grounds 
across Clinton Drive i in Houston. Such dumping grounds are needed for long- 
Drath 
term maintenance dredging i in the ship » channel, and, because all areas around : 
ss _ the turning bas basin are becoming highly developed and | industrialized, such spoil — 
areas are becoming increasingly difficult to obtain. An additional advantage 
that | no |: land lost behind harbor line, and the of 
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x i not used for waterfront facilities may be used for open storage, err Pa 
_ parking, truck holding yards, sto:'age warehouses, and for other future needs. | 
_ There are no slips or waterways behind the harbor line in this scheme as in 
the finger-pier-type layout. Therefore, the federal government will maintain 5 
a the ship channel at project depth and up to within 50 ft of the fender I line of a 
The unbroken waterfront apron facilitates the moving of cargo in emergency 


‘schemes utilizing a a pier-type | construction. d oft 
_ The 100-ft wide paved area behind the transit sheds provides ample room for 
the ihe maneuvering ¢ and parking of trucks, and trucks I have access to the full length = 
and the ends of ev very transit shed. Because the: running track behind a 
serves the entire waterfront, the rail traffic through the paved area is heavier 
in this scheme than in the other. However, there are fewer tracks crossing 
2 the access road that parallels the wate rfront then in the pier-type layouts. 
>, eB The railroad companies do not consider the marginal-wharf-type plan of 
7 development as desirable as the finger-pier-type facility inasmuch as the latter 
plan is considered to provide the better scheme for the most economical han- 
dling and switching of cars between the wharf apron and the storage and 
— _ Fewer lineal feet of bulkhead per berth are required for wharves of the 
. marginal type than for the pier-and-slip type because end treatment of slips 
il and extra length of slips over berthing distance are required i in the pier-and-slip 
foregoing layout has one-fourth less berths because the marginal-wharf 
a layout parallels the channel and does not utilize any land depth for berthing = a 
a Finger-Pier-Type-Wharf Plan of Development.—Fig. 5 shows what is ap- 
parently the best layout utilizing this type of pier, which has the major advan- 
- tage of providing the greatest number of berths (twenty) for the area as com- 
7. with fifteen berths for the marginal- -type layout. It would also be al 
ically possible to add additional berths in the future by i increasing the length 
of several slips and by rearranging tracks and paving. Here again, for the 
sake of. clarity on the small scale map, the railroad lines are not shown in Fig. <- 
oS. connection is made between the classification yard and the running track - 
the r ‘Tear platform; these tracks are shown’ the typical section in 3. 
a. There are no railroads inside the transit sheds or at the ends of the bulkheads. n? 
te at Nineteen covered berths provide a ‘gross shed area of 1,900,000 sq ft as com- 
nal-whert- -type layout; how 
ever, this scheme has only one » open wharf, and possibly more open storage space 
would be desirable during actual development. — ~The cost per berth is con- 
siderably higher because a greater length of bulkhead is required per aera 
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a. | down the channel. This type of waterfront also provides ready access and + a 
ample space for fire boats during fires. In addition, fires at one berth would 
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Concerning navigation and the berthing of the enumer- 4 
=. 


ated in the foregoing for the marginal wharves are reversed in this type of lay- — 
out in that the relatively narrow and meandering ship channel does not provide - 


the open waterfront space that usually accompanies finger-pier layouts. At 


least 900 ft are needed from the end of the piers to the far edge of the channel 4 


of berths at an angle to the y conformance with the 

i” clear distance requirements outlined previously result in 106 acres of land 
being lost to dredging behind the harbor line and in a considerable loss of land 
<j depth needed for open storage and parking areas in the rear. The > slips i in this — 

_ scheme are waterways behind the harbor line and outside the s scope of dredging 

operations now being performed by the federal government in maintaining the 
ahs ship ) channel a} at project depth. Therefore, the dredging of the e slips, as well - 4 


the area between the channel and piers, would have to be a a ‘maintenance ex- 


_ stream end of the property visalte' in the use of the total depth of land at that 
end of the area under study. In addition to the loss of land depth, this plan 
causes the greatest amount of dredged material to be hauled over the relatively 
long haul distances and spoiled in the dumping grounds now used for long-term, 
it .* ‘ hn In the finger-pier-type layout, there are no tracks on the wharf apron and 
behind the sheds which serve the entire waterfront area, and therefore there 
would be less rail traffic in these paved areas . However, this scheme has the 
greatest number of tracks crossing the access ‘road that parallels and serves — 
Railroad officials definitely prefer this plan, and it is generally | considered | 
that the pier ante is best suited ier the most coonoutien! switching of cars in 


_ one basic structural design of the wharf and pier | structures was selected and 


used in all echemes i in order to the comparative cost data, based on 


structural design studies were not within the scope of this weedy 
and should be based on thorough field investigations of soil and site conditions _ 
for each wharf site whenever contract plans are prepared. = 
‘The estimated cost of each scheme does not include : amounts required for 
acquisition, legal fees, bonds, and other financing | costs. ‘The total cost of 
each is based on the consideration that any plan adopted would undoubtedly 
—obe developed in increments over a period of years. IG ‘This total cost is 4 
intended to represent: the estimated cost of constructing all the facilities at 
As shown in Table 4, the marginal- wharf layout has the lower total cost. ost. 
Items | that vary w ith the arrangement of facilities in each scheme, such a 
number of berths, number of open wharves, and total gross shed area, must _ 
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Comparison.—Preliminary cost estimates have been developed for each 

a of the two layouts, and these cost data and other information used in evaluating > om 
~ 
— 


plan. 


i acter the foregoing factors, the total cost per scheme was reduced to cost 


i 
_ Because the gross shed area per plan varies from 1 ,000,000 oa ee 


1, 900 ,000 sq ft, the most exact cost co mparison is reflected in the last item, a. ¢ 


= reat 


Wharf structure from front fender through second rear railroad 
track, including transit-shed floor and apron floor om. 175,000 $39,600. 
Transit-shed superstructure, including electrical, plumbing, and ‘Tings 


dredging to front front of fe line, ‘including spoil 000 feo 1,656, 000 


vile 
Land excav ation oun spoil not included i in first and third nik ny 
‘| 500 988,000 000 


tqub he 931,075 ba 


areas not i included in first 


Railroads, ‘except those included with wharf structures and ap- 
x rainage +; 


«$27,971,825 | $51,193,075 
4,195,775 


‘$32,167,600 | $58,872,035 


15 
: 2,144.50 5 hts 


rea behind harbor line lost to dredging, i in acres 

Cost per berth less sheds Gestading engineering and contingen- 
1,876,175 


eonadw | Jo acrqe Juothotaw aedordan ofT 
aM: which shows ‘‘cost per berth less sheds,” and the e cost per berth is again low 
for the marginal-wharf-type layout. te b bode 2 ? eno. 
The fact that the marginal-wharf layout i is lower in cost per berth, even — 
_ with transit sheds excluded from the cost figures, is attributed largely to the 
excess amount of bulkhead required per berth in the pier-and-slip-type layout 
as compared with the marginal-type layout. The excavating, dredging, and 


3 spoil items also i increase the unit cost per berth of the pier-type e construction — 


above the unit. cost per er berth of the ‘marginal-wharf- -type constructicn 


— 
— 
| 
— 
— 
— 
Overpass... — 
1900000 # # # # 
| — 
— 
| 
— 


The conclusions ‘presented herein evolved from (a) comparisons 


of all schemes considered for development of the area and of the two basic types 
s prepared for the particular area under study, using basic criteria and dimen- 
sions adopted after “numerous conferences with Houston operators 
authorities; (6) visits to other major ports in the United States; (c) studies 
of bulletins and. reports published by various port authorities ; and (d) from an 
a over-all study of the information obtained from the forgoing | in order to Sapply 


it to the area being considered. These conclusions are as follows: == 


1. Cost st comparison favors wharves b ‘because this 


2. The t is less suitable 

rw. 


5 i operations because the limited waterfront a area provided by the rela- — 
_ tively narrow ship channel is not as satisfactory as the large open bays rand “_ 
wide rivers usually prevailing i in the areas: in which finger piers are used. - es 
_ 8. The pier-type layout provides more berths: (tw enty) than the other 
_ scheme by utilizing land depth as well as channel frontage for berthing spaces. 
a eS e use of the pier-type layout would result in the greatest quantity of — 
; - land (106 acres) lost to dredging behind the harbor line as compared with virtu- 
ally no land lost for the marginal-wharf type. 


The cost for maintenance dredging would be the least for the marginal- 
“3 Ww harf- type lay out because the maintenance dredging of the ship channel (to 


- within 50 ft of the fender line) i is financed by the federal government, and the 


marginal-wharf type requires a relatively small quantity (834 
cu yd) of dredged material from the f front of the fender line to be spoiled (a (as 
compared with 13,800, 000 cu yd for the | pier pe). . Therefore, ‘selection o 
this layout would conserve the port-owned dumping grounds, which are needed — 
long-term, -maintenance-dredging operations in the _turning-basin area, 

rrangement of facilities for be 
operations. ‘The marginal-w harf layout provides the best arrangement 
of facilities for trucking, steamship, and stevedoring operations. 


full length and both ends ¢ of sheds in the marginal-w harf layout. — ee 
_ §. The unbroken waterfront apron of the ‘marginal wharves provides a 
‘ready means for moving cargo along the waterfront in emergency operations — 
_ from one shed to another shed, or to a waiting ship up or down the channel. 7 
got In case of fire, a ship moored at a marginal wharf is more accessible to a a 


layout, with three sheds | roof, (present a greater hazard from 


the basis of the ‘marginal- -wharf layout, shown in Fig 
er, 
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the finger-pier and which effected this can be 


a. It costa less to construct. = 
iy It ‘provides the easiest berthing for ships, interfering the least with other a 


 ¢. It satisfies best the operational needs of ‘steamship, cer nd 


utilizes the | area to the greatest’ possible extent, wit ith ies 
sa _ @. The cost of long-term maintenance dredging to maintain project depth is 
. It conserves best the ned dumping fo long- ‘main- 
t 


enance-dredging operations. 


a h. The unbroken wharf apron provides a ready means for emergency han- 3 
dling of cargo between adjacent sheds or ships along the waterfront. — — ‘a ao 
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piscussion 


G. A. M. ASCE.—Several valuable criteria to be 


7. in = development have been set forth by Mr. Newnam. ‘The tables con- 


= be taining the answers to the questionnaires sent to railroads, trucking lines, 


steamship lines, and stevedoring companies illustrate the wide difference of 

- opinion among the users of port facilities. The rapid grow th of the use of 

mechanical handling equipment, especially fork trucks, has raised problems i in 


port design that could not have been —— by > builders of ee ier 


4 >. ise TABLE 5.—Dimensions AND Criterta Usep For Port “og, 4 


Height above mean low water 


Clear height (bottom of roof truss to floor). fi 19 ft 
Width of rear loading 
Width of canopy, rear 
of first track) 


_ Width of paved loading area back of shed (marginal wharves). . 
‘Length per berth (marginal type) 
Single slip length (pier type) 
_ Width of slip (pier type) 


Minimum track. spacing 


Maximum degree of curvature (where economically possible) . 
Maximum a evade (where economically possible) as 
torage yard capacity , cars 
Length of storage yard. car r lengths 


Number of tracks, behind shed 
le crossovers, wharf apron (between spotting 
a tracks) Lat center of dock area 


4 a ing of cars at each berth).. a Uy 1 aie three aie 


Main road widt! 4 J une 26 ft paved 
__ Access road width wind paved 


The comparatively small Port of Brownsville (Tex.) has just ‘completed 
(as of October, 1956) a $3,500,000 marginal-type dock and shed facility. 
- a able 5 compares | the Port of Brownsville facility \ Ww ith Table 3 of the paper. | 
The writer does not believe that the 20 ft of apron height included in the = 
$i first item of Table 3 can always be justified. One advantage would be in the — 
4 use of shipside cranes | operating from a railroad track inasmuch as the high = 
— dock would 5 give ‘the crane . operator a better > view when | handling cargo in or 
out of the hold. The wide variety of sizes and loaded conditions prevailing — 
among the « operating out of any port that does not handle a 
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a result of the shorter distance would be negligible. Many of the i 
freighters and and banana boats operating into the Port of Brownsville would have 
- difficulty operating over a dock with a 20-ft elevation. dg The expense _ added 7 
the bulkhead cost by the extra 8 ft of height far outweighs any known 

The Port of Brownsville used an apron width of 50 ft for the new Rock 
- because past experience with 35-ft and 40-ft widths of apron had shown the | 

wider "aprons | in in giv ing more maneuverability to and pro- 


storage of dunnage, sh 


the” hold of the ship, but the adv antages gained by the extra working ped 
y the wider apron in stacking and classifying cargo and for storing — 
dunnage om outweigh the extra expense caused by the longer travel. 
This port’s new shed width is 200 ft, which is greater than the distance — 
longshoremen will move cotton with hand trucks” without an extra, handling” 
charge. « However, it was felt that the extra space ‘could be used for cotton | 
storage during the peak season. In handling general cargo or cotton by me- | iz i 
chanical equipment, the extra longshoreman charge does not apply. Five rs 4 
hundred feet of shed space for each ship’s berth are used ; how ever, the 1,000 ft 
of shed on the new dock is divided into three sections by firewalls. This was 
_ done to satisfy an insurance requirement that will: not permit more than 7,500 | 
bales of cotton in one fire division without penalty. 
> The clear height of the shed at the Port of Brownsville is 3 approximately the 
same as that recommended in the criteria—that i is, a minimum shed clearance 
with the present-day use of fork machines for the stacking of cotton and 
- palletized cargo. The port built the rear platform 30 ft wide to allow the — 
7 unloading of the cotton trucks on the apron outside the shed because cotton 
a insurance requirements ¥ will not permit trucks to enter into the sheds. “Because — 
; of the climate prevailing in the port area, a canopy over the rear apron and 
i track was not felt to be economically justified, and cotton warehouse regula- 
tions do not permit the canopy without penalty. 
| ae ith reference to the third item of Table 5, the Port of Brownsville i is pro- | 
viding 100 ft of paved unloading space int the back of the shed to allow trucks — 
to back up p and unload onto the rear a apron. 
i The 600 ft of berthing space provided, "mentioned i in the fourth item of the : 
a table, i is ample. | There i is extra space at each end of the shedded area to give — 
__The port set a minimum track spacing of 14 ft (seventh item in the table). ay 
‘The maximum degree of curvature was set at 18°; however, local conditions 


caused 5 some curves to be 22° 30 min. | ‘Special g gage rods were installed on all 7 


; curves, and, so far, even the extreme curves have given no trouble. The maxi- — 


| 


"mum grade i is set at 1 5% i in tracks installed for the Present 
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BRANT ON ‘SHIP CHANNEL 
‘Ther road sizes (eighth item) need not be examined except to. » add thet extra re 
+4 Ppt is provided on the access road for ; parking trucks waiting to go onto’ the 
>>. SEppsuhetes for dock personnel is in back of the loading area. ~~ 4 
The design depth of 32 ft for the dock (ninth item) is considered sufficient — 
* . for many years to come; however, special provision is made for i increasing this 


oe. . _ The only item in Table 4 that can be compared d herein is the the cost per berth 
less sheds, the last item in the table. 11-88 ad 
‘The port’s new dock unit provides three deep-sea berths and one 20-ft-deep 7. 
berth, which can be converted to a deep-sea, 32-ft dock for $2,900,000, and . 3 + 


- future dredging cost of $60,000 would give four deep-sea berths at $2, 960, 000 


_ The writer believes that much of the extra $1,360,000 per berth shown in 
Table 4 is due to the greater height of the apron as well as to the greater desig a 


Te Austin | E. Brant, _ Jn.,? J. M. ASCE.—A concise presentation of the dif- _ 
ficult subject of design ‘criteria for general-cargo facilities and of the detailed — 
studies has been made. It is interesting to compare the criteria and estimated — 
costs developed by Mr. Newnam with those determined during an engineering — : 
‘economic survey‘ made in 1953 for the Harris County-Houston Ship 
Channel Navigation District. . The primary purpose of the survey was the 
establishment of a master plan for the future development of the physical . 
facilities of the port, and it included the determination of basic criteria for — 


na Basis for Determination of Criteria -—Any modern general-cargo wharf must 4 


x 


a necessarily | be designed as a compromise of the primary features proposed by 
"4 steemship operators, stevedores, terminal operators, and railroad and trucking 
_ interests. The criteria recommended‘ for general-cargo facilities at Houston — 
_ combine as many of the desired characteristics as possible to provide | an 
efficient: “marine terminal at reasonable cost. In the development of these 
criteria the opinions of those who ultimately must be responsible for the © 
operating efficiency of Houston's ‘Marine terminals were particularly a 
Type of Wharf—Early in the survey, it was concluded that marginal 
_ wharves would be the most suitable type for development : along the Houston 
Ship Channel because this type of wharf permits vessels to dock and undock 
_ without blocking the channel. Moreover, a marginal wharf with an adjacent — 
= transit shed and supporting area usually i is more efficient in operation than any 
non type ve of wharf. Such a wharf also has a high degree of flexibility under 
x pcan usages and permits effective utilization of the upland areas for ware- 
houses, open storage, railroad yards, and water-oriented industries, ovis) 4 
_ Layout of Berths —It was also believed that general-cargo ship terminals 
be built with units: of two covered berths ‘Separated by a 
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wharf. obviates the necessity of “providing wide 
clearances between individual berths, thus permitting the most economical 
ms utilization of bulkhead frontage, sheddage, and road and track wpainien. 
he while still preserving independent rail and truck access to each berth. | ‘Under — 

the usual operating procedures, operations at the two berths would be separate. . 
In the case of large cargoes or in an emergency, it would be ny. simple 


expand or contract the storage areas at ‘adjacent berths. 


TABLE 6- 6.—Princrpan CRITERIA FOR CovERED 


RAL-~CARGO Hip BERTHS) 


Elevation (above mean low water) bey 
Transit and warehouse storage wagers wiv, bua Holler ay 
transit storage area, per berths 85,000 sq ft 
Net warehouse storage area, per wat 
Gross warehouse storage area, per berth a 500 sqft 
Width of shed, per be 350 ft bel 
Width used for transit storage yes (235 ft wt 
Width used for warehouse storage : } 
idth of rear ing platform «25 ft 


Width of main terminal roadway Wee 


Width of truck maneuvering area at rear of transit sheds 128 ft 


Maximum permissible degree of curvature* 
Maximum grade 
4 Holding yard capacity, per berth from 50 to 60 
Tracks on wharf apron 


Newnam. lig 


As a result of an warehousing costs and requirements i 
the port area, it was concluded that facilities for warehouse storage yoke 
borne general cargo should be provided at shipside. _ Warehouse space con- — 

structed integrally with the transit storage ‘space would aid in reducing the 
as congestion caused by cargoes delayed excessively in transit storage. 
Desirable Characteristics of f Covered | General- Cargo Ship Berths.—The principal 
criteria developed during the survey are summarized in Table 6. The major — ee? 
_ differences between the criteria given by the authes and those presented in the 
report# are in the elevation of the wharf apron, the number of tracks on the — 
apron, the size of the transit storage 000.085 to 
The elevation of 25 ft above mean low water given for the wharf a apron in 


= 


Moreover, ‘it would permit. the establishment of reasonably convenient, 
"grades ¢ on the rail connections between the proposed development area and both ~ <a 
the Clinton Division of the Port Terminal Railroad and the existing wharves on — 
the north h side of the ‘Turning 1 Because the elevation of Wharf 16 is 
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on 


18 ft and the of the of the railroad near 
~s Clinton Drive is approximately 42 ft, any significant change in the basic 25-ft a 


elevation proposed for these wharves would render more difficult one or the 


7 other of the proposed | rail connections. This would be particularly important 4 


TABLE, 7.—EstimaTED Costs FOR CONSTRUCTION OF dt wh 


Wuarves tn AREA SOUTHOF 


ABT, 600-Fr Sire Bertx (Coverep) amit 3 
Whart platform 60 ft wide end shed shetheen on fill 355 ft wide, including i iy Big “ie 
dredging, excavation, pavement on compacted fill, track wells, trackage, ‘ 
mooring facilities, and other appurtenances 
¥ Shed superstructure (350 ft by 500 ft) and footings; semifireproof construction 
and sprinklers 
Excavation and godine = at rear of wharf proper for holding yard, roadways, 
truck pavements, ng, and open storage areas 
i Railroad holding mss including track leads extending to wharf proper . 
Roadways and truck pavements 
 Parki storage areas 


435,000 
0,000 


Wied platform 60 ft wide, 355-ft pavement on compacted fill, including le 
excavation, trackage, mooring facilities, “and other appurte-| 
$1, 080,000 
4,310,000 
260,000 
$1,570, 000 


— n relation t to the rail | connection to the Port * Terminal Railroad, which would 


_ gerve as the p primary means of rail access to the area. An ‘appreciable reduction 


in the proposed apron elevation would result in a steepening of the grade on this 
- connection and would add measurably to the hazard of rail l operation. + _ Lower 
~ elevations » would increase excavation costs, , whereas higher elevations would 

a increase the cost of the bulkhead structure. It is considered that, with the 
_ elevations that have been chosen, an ‘an economic | balance can be achieved. — 


Two tracks are proposed for the wharf apron because it is believed that one 
a ieadtene track and one running track are usually adequate for operations at a 


v hd Modern cargo vessels, such as the C4-S-A4 cargo class, have a bale cubic ; 


areas the port, has been found economical to stack most general cargo 


weight of cargo handled ia is approximately 40 lb per cu ft. In the transit 4 
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ie | bee sq ft of net storage area. The net transit storage area required to accommo- - 
la 7 _ date the contents of a general-cargo vessel with a capacity of 640,000 cu ft . 14 


ON SHIP CHANNEL 
can be determined as 


40 ‘Ib per cu 


300 lb per sq 


‘pay 
of all rail, and supporting are given in Table oF Using those 
costs, the total estimated cost for the fifteen-berth development presently — 
= _ (1953) proposed would be approximately $34,000,000. In comparing this cost 


a estimate with that of Mr. Newnam, allowances should he made for the increase 

5 in the cost of construction since 1953 and for the different size and type of 

boss ‘The estimates given in the report are higher the actual 
4 “costs for wharves previously built in the turning basin area. These in- 
on _ creased costs result from provisions | to improve the functional layout : and to oe 

"increase the Spring capacity | per berth. The principal provisions are: 


oy From 75% to . 100% more covered storage than at existing berths to 


provide sufficient area to handle not only the largest foreseeable pele 


transit storage, but also considerable shipside warehousing; OR 


3. A railroad holding yard for from | 50 to 60 cars per berth, which is oa 


required for transit and warehouse operations under the same roof; 
= because of the already saturated condition of the North Yard of the _ 


a Port Terminal Railroad and because of the distance (average, in e7 in excess of 2 oar 

 m between North Yar Yard and the proposed wharves; 

a. 4. An independent ‘roadway network because the existing roads in the As 

‘aM git basin area would be inadequate for additional traffic to or | from the © 

5. Considerable earth moving and grading required for the 

of adequate back-up areas and for the new rail and road facilities. — 

Conclusions — .—The criteria and cost estimates presented by 


for the construction of marine terminal facilities: at Houston agree in general 


these two studies should encourage the Port of Houston in the development of % 

additional facilities to insure its future growth and the maintenance of ie re 

standing as one of the major ports of the United States. 


} 


FRANK H. Newnam, Jr, ASCE. _—Messrs. Brant ar and Lantz have not 

-— only contributed much that i is of value to the development « of this subject but — 
ae have provided additional information concerning design criteria for general- 
= wharf facilities. ~ The outstanding feature of the discussions i is the high 


Partner, Lockwood, Andrer 


a 
| ~__‘ This area should be increased about 40% to allow for aisles and sorting space, geo. [7 
4 giving a gross transit-shed space required of approximately 117,500 sq ft. 
Estimated Costs of Construction—Preliminary cost estimates for the | 
. _struction of covered and open general-cargo wharves in the area covered by the see | ee 
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f conditions are ever ‘exactly 


ssary to consider study carefully the prevailing conditions in Preparing 
Because the discussion by Mr. line cendins the same area at the Port of Ri 
Houston, explanations are offered concerning certain points he has raise He 
ha as indicated (under the heading, “Desirable Characteristics of 
ee General-Cargo Ship Berths’ '") some of the advantages of an apron ‘elevation of 
25 ft above mean low water. Studies outlined in the pope have re mended 
an elevation of +2 20 ft for the following 
‘Transition could be made within a reasonable: to increase othe 
A, “height from + 18 ft (existing at Wharf 16) to + 20 ft and thus permit the flow 


rail and truck traffic the aprons of adjacent wharves. 


borrow) ) from this area, greatly reduces the expense of utilizing an apron 


4. flat could be out for the s area, 
the elevation of +20 ft for the apron. It will be noted that the studies recom- 
mended a maximum railroad of ‘1% and a “maximum desirable degree of 
Asa matter of interest, “the Port of Houston subsequently decided to adopt _ 
623) an apron elevation of 18 ft above mean low water for the four new wharves in | 
eae, Brant has indicated (under the heading, “Desirable Characteristics of 
a Covered General -Cargo Ship Berths”) that only two tracks are r recommended 
= for this area. Y In visits to and studies of other ports, the writer and other i in- 
_ vestigators found that there was no agreement among port operators on this 
“a Serge The 50-ft apron width does permit the use of three tracks, which 
me “a greatly facilitates the ha ndling of cars and i is preferred by the Port of ‘Houston ; 
Tt is gratifying to note that the cost estimates of the two reports are re- 
‘markably close when allowance i is made for the difference in size of the transit 
ch sheds. The difference in area of the transit storage sheds is due to a different — a 
Zs concept in the arrangement and use of the sheds and particularly i in the design me 


ae loading. The study cited by the writer recommended a design loading of 


eons 600 Ib per § sq ft (as compared \ with the 300 Ib per sq ft used by Mr. Brant), — ba 


eS which materially reduces the required shed area. This and other differences _ 
; _ indicate that normally there is more than one engineering approach to solving ee. 


Me ao Mr. Lantz has indisated that the recommended | apron ‘elev. ation of 20 ft is 8 tk: 
i a ft higher than that selected for the new facility at the Port of | Brownsville. ne 


oer: This again emphasizes the fact that each specific facility must be designed 


a4, for its own governing conditions, and Mr. Lantz ‘states some of the conpi- 


= generally accepted that no two sets ¢ the same at 
— 
— 
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. - tions at this port that differ from the Port of Houston. _ If the artillery method 
! 2 of “bracketing the target’’ were used, however, an average between the eleva- oe 
tion of 25 ft recommended by Mr. Brant and the elevation of 12 ft recom- "- 


_mended by Mr. Lantz would be 18} ft. thx 


ably less than the estimates listed in the report the writer and 
those mentioned by Mr. Brant. This is undoubtedly due largely to the dif- 
- ference i in channel depth and apron height. In designing different waterfront Yr. 
- facilities, the rapid increase in cost accompanying any relatively small i increase — pe 
in apron height or channel | depth, or both, is a source of constant ¢ amazement. 

_ For the items not affected by the apron height, such as the transit sheds and — 4 

lengths of berths, there appears to be close agreement between the dimensions - 
a selected at the two ports. _ For the rear loading platform ‘it is agreed that the 

width of 30 ft used at the Port of Brownsville is preferable to the width of 20 ft 

Tecommended for the Port of Houston whenever the owner is willing to accept 
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DYNAMIC STRESSES IN CONTINUOUS 
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Roy C. EDGERTON? AND GorDon W. BEECROFT? 
ASSOCIATE MempeRs, ASCE OE Yo 


1TH Discussion By Messrs. Rosert K. L. WEN; AND Roy Cc. Epor ERT 


- This paper sdinitiaen and presents results of the tests conducted on two 


_ three-span, continuous, plate-girder bridges in Oregon. Included herein are __ 


measurements of the deflection of the girders and strains in the girders, ie 


— floor beams under test vehicles. The test records p provide. values for the fre- 


quency of vibration, the frequency of strain oscillation, the amplitude of vibra-_ 


a 
tion, and the amplitude of strain oscillation. Test t data are presented : as curves, { 

whisk show the variation of stress and deflection with the speed of the test 4 

2 vehicles. Comparisons are made with stresses and deflections computed accord- a 
ing to existing specifications. Measured stresses, in general, are found to 7 


lower than the computed values. Analytical work pertaining ‘theoretical 
_ frequencies and amplitudes of vibration is summarized. Good correlation was _ 
ne obtained between measured and computed frequencies of vibration. Computa- 7 
tions relative to the amplitude of vibration do not provide a correlation with % 
_ the measured values; however, they suggest that a substantial part of the 4 
2 vibration can be attributed to deck roughness. Measured strains are used . 


determine the degree | of fixity | of the ends of the floor beams, and niyo 


Bridge specifications have been based computed static-load stresses, 
amelie impact allowances, and satisfactory past performance. The need for 


_ Nore.—Published, essentially as printed here, in May, 1956, in the ee cy of the Structural Division, — 
as Proceedings Paper 978. Positions and aaa 8 givel en are those in effect when the paper or discussion was 


approved for publication in 7'ransactions. 
Research Engr., Oregon State Dept., Salem, Ore. 
2 fan. Engr., Oregon State Highway Dept., Salem, Ore. 
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: ae measurements in structural members under moving g loads lies — been 
= recognized. Since the development and application of electronic strain- onl 
equipment made these measurements possible, a number of tests of bridges i 
_ under moving loads have been ‘made. The present report adds two three-span, 
continuous, plate-girder bridges to the growing list of dynamic bridge studies. - 
During 1952 the sical Research Branch of the of Public Roads, 
4 
the necessary record ing strains and deflections. 
a was reached between the BPR and the Oregon State Highway Department for i 
€ the test ‘unit to be used on an Oregon highway bridge during the summer of © 
> 1058 as a cooperative project of the two agencies. . The North ae Bridge 


the At the conclusion of the 1 on the North Dillard Bridge, it was 
_ decided to repeat a part of the test program on the Troutdale Bridge over the | 
Sandy Ri River on Us S. 30 in Multnomah 


North Dillard Bridge i is a three-span, brides 
with two variable depth girders. The selection of this particular bridge was 
based primarily ¢ on the fact that: (1) Appreciable vibration had been observed = 
_ — in the structure; (2) most of the floor panels had transverse deck cracks, indi- 
a cating the possibility that some damage was being caused by the vibration; and i. 
J (8) no previous work known to the writers had examined dynamic stresses and _ 
ey. on a bridge of this type. _ The bridge was designed for H20-S16-44 _ a 
loading and utilized A242-46 steel! “having an allowable working “stress of 
wm 000 Ib per sq in. The spans are 121 ft, 160 ft, and 121 ft center to center of 
bearing. The girder depth back to back of flange angles varies from 5 ft 103 in. 
: at the outside ends of the side spans and at the center of the center span to % 

9 ft 243 in. over the interior piers. The four piers of dumbbell pattern are founded b> 
on rock. ‘The heights from footing to bearing are approximately 35 ft for the — 
exterior piers, 43 ft for the north interior pier, and 38 ft for the south interior — 

pier. There i is a 50-ft 3-in. reinforced: approach span at each end. The 


- tails: of the Sotiuabied. The bridge i is on a a tangent, pot the profile of the — 
is a 600-ft convex vertical curve, with the deck grade varying from level to 
the south end i is 2. 77 ft lower th than the north end. 3 129 
bridge \ was opened to traffic on November 29,1950. The average daily 
raffic i is 7,000 vehicles, 13% of which are heavy trucks and combinations. The 
south city limit of the town of Winston is 0.2 mile north of the bridge, and | the | 
edge of the unincorporated town of Dillard is 0.5 mile south. AS Alongs g the highway oe 
between the two towns are three roadside fruit stands, several sKidoniae and 
road connections to a sawmill and a gravel plant. These features were important — 
_ considerations in the operation of test vehicles because they necessitated addi- — 
tio tional precautions to prevent traffic interference. 
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P program consisted of four series of , with vehicles 
the H20-S16-44 truck traveling at speeds of from 5 miles per hr to 45 a 
4 per hr. In the interest of public safety, speeds greater than 45 miles per hr were 
a not attempted due to the restrictions imposed by the towns ‘and the roadside 
, 5 development. In series I, girder deflections and positive-moment strains were — 
“measured ; negative-moment girder strains were measured in series II; stringer a . 
‘strains were measured in series III; and floor-beam strains in series IV. are rer 
Magnetic strain gages were used in series I and series II, and SR-4 resistance 
gages were used in series III and series IV. ‘The deflectometers 's operated 
on the same principle a as a magnetic strain gage. . Aco coil housed in a pipe cou- al 
_ pling was attached to the lower grider flange. An iron core in the coil was ‘i 
i tached by a brass rod to a pipe mast from the ground or or stream bed. Deflection — = 
al the girder pro produced a relative motion between the coil and the core, thereby : 
3 producing a change in the characteristics of the circuit and, ultimately, a — -_ 
atrain-recording equipment consisted of a power supply, bridge 
attenuator panels, and two oscillographs. Light-beam galvanometers in the — 
7 oscillographs exposed the strain traces on sensitized paper. Each oscillograph: 
was connected to fifteen active traces. A ‘separate power supply and s separate — 
_ bridge and attenuator panels were provided for the deflectometers. The output 
was wired to the same two oscillographs: used for strain recording. — Dark-room ae a 
facilities for developing the oscillograms were provided in the trailer 
pur The magnetic strain gages and the deflectometers were calibrated with dial cal 
indicators before installation and after removal. _ The strain- recording equip- 
contained calibrating facilities for SR-4 resistance strain gages. or 
. a38 Road tubes were installed | across the bridge deck at each pier and at the ah “_ # 
center of the center span. The road tubes operated air switches, which recorded 
_ the progress of the test vehicle on one trace on each oscillogram. | ee _ Thisrecord and 
arte lines that were printed automatically on every oscillogram permitted — 
accurate determination of the location of the test vehicle at all times. 
“made possible a an accurate determination of vehicle speed. 


lographs, were components of the BPR test unit. The deflectometers, deftecton’- 
3 eter power supply, bridge panels, and attenuator panels were loaned to the Bi, 
project by the Institute of Traffic and Transportation Engineering of the. Uni- 
__-versity of California at Berkeley (Calif). 
Two test vehicles were used. Vehicle A wasa as a logging truck and tra.” ‘er unit: 
based on ‘on a 2h-ton, military-type truck chassis. The vehicle was loaded with 
steel sheet piling. Vehicle B was a diesel truck-tractor with an equipment semi- 7 
trailer. The load was a track-type tractor. Fig. 2 shows | the essential dimen- 
sions and axle loads of the two vehicles. 4 Yo 
Series I.—For series I, six deflectometers and twenty-four magnetic strain 
F i Bages were installed. A deflectometer was installed on the outside lower flange al “as 
a of each girder at the center of each span. . Strain gages were installed on the oe, fe 
- inside and outside top and bottom flanges of each girder at the center of each 7 . a 
The 
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DY STRESSES 
the u upper surface of the bottom flanges. The axis of each was in. 
from the outside edge of the outstanding leg of the flange angle. = = 
‘Goll Series I was divided into four subseries. Series Ie was a set of runs, with the 
7 test . vehicle centering the roadway center line. Runs were started with vehicle 
A. _ Four or six runs, two or three in each direction, were made at each multiple — 
of 5 miles per | hr, from 5 miles per hr to 30 miles per hr as indicated on the 
_ speedometer. . The highest ‘speed a attainable » by vehicle A under the test c condi- — r 
39 9 kips ent 31.03 hips 82 ties 8.60 kips ai ai ba tan wt 


“4 
on 15 ft 11 in. 
49 ft6 in. 


TRUCK A, 6924018 TRUCK B, 71000 LB 

was 30 miles per hr. Runs with» vehicle B were made at | 5 miles per hr, 
and, at each multiple of 5 niles per hr, from 20 miles per hr to 45 miles per hr 
according to the speedometer. ‘There was some variation between | speedometer 

d speed and actual speed as computed from the air switches and the oscillogram _ 
time lines. The highest actual speed was approximately 43 miles per hr. | 
‘Foran . understanding of the terms used on the curves and in the e examina- s 
tion of the test results, Fig. 3 should be studied. This figure is a typical deflec- a 
tion trace from an oscillogram. For clarity the ratio of ordinate to abscissa of ‘ 
the trace has been doubled. The trace takes the form of a vibration curve A. 
a frequency of approximately 2 cycles per sec superimposed on a deflection 
curve a the passage of the vehicle across the center span. To take 


Mean deflection (Sm) 


tat detection (a, ) 


the results from a trace, envelopes : are drawn to the vibration curve. The —: 

‘mum ordinate of the upper envelope and the maximum ordinate of a line mid- 
_ way between the envelopes are converted to deflection by the calibration i 
for the individual gage and are termed the total deflection, A;, and the mean 
- deflection, An. The difference between the total deflection pa the mean de- 

a flection i is the amplitude of vibration. Strain traces are analyzed in an identical — 

manner. Strains are converted to stress by an assumed modulus of elasticity of 
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STRESSES 
per ix in. ‘The terms used are stress, mean stress, Cn} 
amplitude of stress oscillation. In the examination of the test results, the mea- aa 
sured mean stress will be compared with the computed static stress, and the — 
‘measured total stress will be compared with the computed stress, with the | 
- American Association of State Highway Officials (AASHO) impact allowance® — 1 & 
¥ included. _ The latter comparison is valid, but th the former requires explanation _ 


the coi computed static stress should be ‘compared with a Measured sta ic & 


“sure of static stress . In the instance i in which static stresses were recorded, “a 
which vehicle A was parked near the west curb at the center of the center span, 
_ the str stresses were approximately 2% lower in the heavily loaded d girder and 
_ approximately 6% lower in the less loaded ‘girder than corresponding me 
Because of the low maximum speed of 30 per hr attainable with 
—— this vehicle was used o only in series I, . Except for brief comments, 
- only the results from runs with vehicle B will be presented. The stresses cited _ 
and shown by the ¢ curves in the subsequent illustrations will be the lower-flange z= 
d 


Bt e critical stresses in each section. ' The total s tress 
. Some the mean stress in the lower flanges of each girder in the center wal for be 
all series Ia southbound | runs s and northbound runs were averaged separately ae 


‘ deflection . Because no directional effect was evident, the results of the runs in a 


_ the two directions were ere averaged to give a single stress curve and a single de- _ 
flection curve for the center span of each girder for series I Ia. _ Figs .4(a) and © 
a 4(b) show the stress curves for the two girders. The curves are the result of 
a averaging the stress values for the test runs within each of the various 5- mile : 
. * per-hr speed brackets. The plotted points show the maximum stress measured _ 7 
= - for an individual run at each speed. The stress values presented herein will be os = 
‘6 those indicated by the curves unless it is specified that the value is for an in- ¥: 
< dividual run. In Figs. 4(a) and 4(b), the highest mean ean stress is approximately — ‘ 
- 90% of the computed stress without impact based on AASHO specifications. a 7 -_ 
Because shear-developing angles were used at 21-in. -to-24-in. spacingin the 
region of positive moment, the computed girder stresses and deflections pre- 
' sented herein are those obtained by considering composite action of the » girder wee 
> on that part of the deck allowed under AASHO specifications. A valueof 
ie : = 10 was used in computing both stresses and deflections. The highest total ie 
he py bate: is approximately 7% greater than the computed stress without impact, — 
os but approximately 10% less than the computed stress with impact. The in- 
crease in total stress resulting from an increase in the : amplitude of vibration 
- from. between 20 miles ] per hr and 30 miles per hr is typical of the s span. : — 
series Ia, the maximum stress measured for vehicle A in the center span was 
_ approximately 3% higher than the computed stress without impact, but ap- er: 
_ proximately 13% lower than the computed stress with impact.  Themaxinunm 


stress for an individual run is about 6% less than the companied stress with - 7 


“Standard Specifications for Highway Bridges,” A. A.S.H.O., 6th Ed., 1953, Pp. -164- 165. b Aye 
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DYNAMIC STRESSES 


_ impact for vehicle B. . Figs. 4(c) and 4(d) show the deflection curves for se series la 


_ pattern as th the e stress, except that a sharp increase in amplitude in the east girder — 
occurs from : approximately 29 miles per hr to 35 miles | perhr. The greatest ob- n 
_ served ¢ deflection i is 0.55 in. and the greatest amplitude ; of vibration is 0.13 in., > ; 
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stresses _ Stresses individual run 


deflection deflection 


©) EAST GIRDER, ‘CENTER SPAN 


ts 


Calculated 
ist span 4 | stresses poe 


impact 
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run 
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par gilt Speed, in miles per hour 


_ Fic. 4.—Srresses anp Der_ections, Nort Brince, Series Ia 


Bones occurring at about 42.6 miles per hr in the east girder. The maximum am- 
plitude of vibration for vehicle A in the center span was 0.04 in. vind onutoy a 


whe 
In the case of the side spans, a difference i in stress and deflection charac- 


3 


a 
The influence line for moment at the midpoint of the end id span © of a co continuous 3 
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series is not is the axle and load arrangement of the vehicl 2 


- longitudinally symmetrical. | Computations indicate that the vehicleshould pro- 
duce higher stresses when proceeding across a side span from the approach than, 7 
_ when proceeding across a side span from the center & span. Ont the other hand, ‘2 
when the vehicle - proceeds from the center span to a side : span, the latter is 
already in a state of vibration at the time the vehicle enters the rn Figs. 


third-span effects are shown bys separate cur curves, diflerent symbols ar: are 
_ to distinguish first-span n maximum stresses for individual runs from correspond- 


lar, the reaction to — is different. In the first- “span effect, where the struc- 
ture is motionless until the vehicle enters the span, the highest stresses occur 
a at approximately 40 miles per hr; in the third-span effect, where the structure — 

from. the "passage of the vehicle across the other two spans, the 
highest stresses occur at approximately 30 miles per hr. For the latter effect nes 
the highest stress for an individual run occurs at 38 miles per hr in the east 2) 

girder and at 33 miles per hr in the west girder. On the side spans a | greater 
amplitude of stress oscillation was caused by the passage of vehicle Athan by 
that of vehicle B. The total stress for the third-span effect of vehicle A 
traveling at 31 miles per hr is s approximately 3% less than the computed ia oe 
with impact. - Unfortunately, this was the highest speed attainable with ve- “5 


ae hicle A, so it is not known what effect higher speeds would have. _ However, 


- the maximum amplitude of stress oscillation for the third-span effect of vehicle 


4 


B occurred at approximately : 30 miles per hr; therefore, it is likely that this ne, 
™s Series Ib: was a repetition on of 5 eries Ia Ia with the exception that all runs were 


; Pee with the east tires of the vehicle 1 ft from the east curb. Hereafter a 


“loaded” and the less 


m 
m 


proportion ‘of the load than that assumed was transferred to the 
girder primarily because of the torsional rigidity « of the structure. | The laterals — 
are in the plane of the bottom of the floor beam and, with the floor 


.- prevent distortion of the cross section. An evaluation of the torsional — 
-_tigidity of the structure will be presented subsequently. Again the abrupt 


- increase in amplitude from between 20 miles per hr and 30 miles per hr in the — 


‘oscillations: recorded for yehicle A in this were smaller than those 
‘Shown i in Fig. 5 for vehicle B. The measured stresses in the unloaded girder — 
for individual runs show a high degree of scatter. _ The maximum value for an a 


individual run is approximately twice as high as the mean stress at 5 miles } per i ‘sl 
br (approximately equal to the static stress), indicating an impact of jae lige mn 
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‘To determine | the damping effect of ‘stationary mass or dead load on ‘the a 


span with tires touching the west curb. Series Ib was then repeated as series 
Te with vehicle B making all the runs. . Fig. 6 shows ‘the stress curves under — 
iy these conditions. New strain and deflection “zeros” were established after 
vehicle A was parked on the span. The stresses in Fig. 6 are those caused by - 
* > moving vehicle only ; they do not t include t the stress caused by the parked 


Total stress for 


Calculated 


. 5.—Stresses CentER Span, Norts Brings, Series Ib 


peor chin’ in series Ib, but the magnitude of these stresses is virtually u 
changed by the parked vehicle. The maximum stress in the unloaded aro : 


_ for an individual run is about 12% lower than the corresponding value for 
ij 


The fourth subeuties under series I was It, which comprised the readings 
taken wader conditions of normal heavy truck traffic on the 
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traffic was to flow undisturbed doting these 
5 ‘ records in which several passenger vehicles were on the bridge i in addition toa - 
truck. A few records were obtained with two trucks on the structure. “The 
tabulated data from these records were carefully examined to locate any un- — 
usually high stresses or vibrations. No stresses or deflections greater than 
those measured in the loaded in series were 
too dal 
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Without impact Movit _ Parked at center 
of center span 


Total stress for / 
individual run 
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6.—Srresses in CENTER SPAN, Ditarp Series Ic 
Series IL. —For series II, the twelve strain gages were removed from the in- | a 
"side girder fanew and were instolled on the girder flanges near the north in- a 


side of top and bottom flanges on . both girders, and four in the north span on _ oo 
if the outside of top and bottom flanges of both girders. All gages were 2 oe ) 
2 6 in. from the pier center line. - This distance was necessary tos avoid the special — 
girder details at the: pier. er. Fig. 7 shows the stress curves" for the bottom- 
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axis, the composite moment of tenartis was used i In 1 computing the stresses pre- 
sented in a partial 1 report on this pr project.’ The mean n upper-flange stress, 
; _ computed from measured strains, is only 34% of the computed stress based — 
7 only on the | moment of inertia of the 2 steel girder. _ Apparently the ‘conceals 
slab and its reinforcement contribute an appreciable tensile resistance; — a { 
<a ever, the measured lower-flange stresses are higher than would be expected = 
a section having a moment = inertia as large as that indicated by the position 


stresses 
we 


Without impact 


10 30 40 500 10 20 30 
7. STRESSES IN CENTER Span, Norts DILLARD BripGe, Ila 
of the neutral axis. tales apparent inconsistency may be due . experimental 
_ error or to local stress conditions caused by the special girder details at the pier. 
Series III.—For series III, resistance strain gages were installed on both 
sides of the top and bottom tom flanges of the three stringers at two. cross sections we: 
of the bridge. - One cross section was at the center of the second floor panel 
from the north end of the north span, and the other cross section was overthe 
floor next south. Runs were made with the vehicle | centered on the 
deck ; hence, the vehicle was centered over the center stringer and with the é 
on west wheels of the vehicle directly over the center stringer. At the center of 
the panel, maximum stresses were produced i in the lower flange of the center — oe 
stringer with the vehicle centered over the | stringer; Fig. | 8 (a) shows these 
stresses. _ The unusual feature of these curves is the variation of both mean Ae 
stress and total stress with speed and the e comparative uniformity of the ampli- 
= 7 tude of stress oscillation. The plotted points showing the maximum stress for ek 
individual runs indicate a fairly uniform increase in total stress with an increase & 
in speed. The highest total stress for an individual Tun is about 94% of the 


computed stress without impact. . The difference between the measured stress 

1“ Vibration and Stresses in Girder Bridges,” Bulletin 124, Highway Research Board, National Re- 
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flange gages on the center-span ‘fo 1ity and less oscillation at higher thi 
stresses show a higher degree of composite action, — ths 

| because this measurement is for prema ‘mean stress. 
a Stresses without impact are almost than the specified impact al- de 
The amplitude of stress oscillation is greater ths ‘than the 
a maximum measured stress 16% higher than 
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and the computed stress is explained, in part, by t the distribution of the wheel 
loads to the stringers. Strain measurements in three stringers indicate 
that the part of the total load carried by the center stringer is about 8% less pe a 
computations based on AASHO specifications indicate. Also, composite 
action of the concrete deck is not considered in the ‘computed s stress s because no — 
pee devices were installed on the stringers ; howev er, composite action is evi- 7 
I dent i in the relationship betw een upper- and lower-flange stresses. The magni- | 
tude | of the mean upper-flange stress is about 75% of the mean flange 
3 stress. The computed lower-flange stress, based on a moment of inertia indi- 
a cated by the measured position of the neutral axis, is approximately 11% lower — 
than that computed when composite action was disregarded. Stresses com-— 


puted from the measured load distribution and indicated composite action are > 


Total stress "WARS 


a 


nch 


S per square inc 


Stress in lower of center 
stringer at panel point 1.5 


Stress in flanges of floor beam No. a 


kip 


ress, in 


SERIES 


"Speed, in miles per hour 


i, similar to the measured stresses. - With the vehicle centered over the jade 
" _ stringer, the outer stringers carry a greater part of the total load than indicated _ 
by the specifications and exemplify less composite action than the center 
‘stringer indicates. These factors result in a computed stress for the « oxen 
_ ‘Stringers that is very similar to the measured mean stress. its 
Series IV.—Fig. 8(b) shows for series IV the flange stresses at the center 
of the first floor beam from the north end of the north span. The floor beam 
ghowed a different response to speed than any other member tested. Here, 
also, the measured s stresses are re much lower than the computed stresses.  Anal- 
_ yses of the records of gages 1 near the ends of the floor beams show that the low 
Stresses at the center of the floor beam are due to a partial fixity at the connec- 
“a as of the floor beam to the girder. The analy sis a the spre of fixity pro- 
vided by this ‘connection is presented subsequently. 
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ol During g the testing of the North Dillard Bridge, it was 1s concluded that Ban 
7 — deck roughness might be a contributing factor to the vibration. ~ To verify this — 
; + conclusion it was decided that measurements of strain and deflection should be — 
- made on a similar bridge having a smooth deck. The Troutdale Bridge was | 
_ chosen because it was erected from the same superstructure plans as the North 
Profiles in each of the four wheel tracks were obtained on both bridges by a 
taking ‘elevations with a level at 10-ft intervals and making an accurately — 
_ traced graphical profile between each pair of level points. These profiles in- 
y cluded 60 ft of roadway and approach structure | at each end of the steel struc- a 
- ae ture. ‘Fig. 9 shows the deviations of the 10-ft points: from true grade, the true 


— 


— 


in. 


= Wheel track location diagram 


grade for each wheel track being by a line arrive 
at a numerical comparison of the roughness of the two structures, total devia- _ > 
__ tions from true grade at the 10-ft points were computed. . The total deviations — ie 
in 520 ft for the four wheel tracks at North Dillard were 2.02 ft, 2.09 ft, 2.05 ft, i, 
and 2.00 ft—for an average of 2.04 ft. The deviations at Troutdale were 
1.37 ft, 1.08 ft, 0.84 ft, and 0.84 ft—for an average of 1.03 ft. On the basis of ey 
comparison, the Troutdale Bridge was selected for making. comparable 
__ Differences other than deck roughness that might be significant in the vi- — 
’ -_bratory characteristics of the structures include the fact. that the Troutdale © 4 
Bridge is on a level grade. In addition, its deck has few transverse cracks, a 
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oe detail than those of the North Dillard Bridge. These piers ‘are 
founded on piling as or with the slight grade and vertical c curve, the e ex- 


With impact (tps 
Without impact 


4 
Calculated 
stresses 


Stress, in kips p 
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er square inc 


——— Total stress for 
individual run 


if ay Calculated | 


stresses 


(c) SOUTH GIRDER, SERIES be 


1c. 10 in CentER SPAN, TROUTDALE Bripce 


~~ Series Ia and Ib of the North Dillard Bridge » tests were duplicated on ie 

i n Troutdale Bridge, except that resistance strain gages were used and strain 
gages were placed only on the top and bottom outside flanges of the girders at 
the: centers of the west and center spans. a Vv ehicle B was: used for all runs in 

“a these tests. “Fig. 10 shows stress curves for the center span of the Troutdale 
Bridge. The mean stresses in the Troutdale Bridge girders average about 
«5% less than those in the North Dillard Bridge, and the mean deflections 7 
average approximately 4% less. The amplitude of vibration and stress oscilla- ‘al : 
a on the Troutdale Bridge is much less, as can be seen by comparing Figs. 

and with - 4(a) and and 4(6), and and Figs. and with 5. 
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ee i 2.36 cycles per sec for the tractor and rand 2 41 cycles - sec for | the ‘the trailer. 


DY NAMIC STRESSES 
11 shows the average variation in ‘amplitude of vibration with speed for 
= girders i in the center span n of the two structures as taken from the deflec- 


— = 


“la In ‘addition to the mecsurenedis of strain ond deflection made on the two 


structures, the natural frequency of vibration of the test vehicles was deter- 
mined by attaching resistance strain gages to the vehicle springs and recording é 
_ the strain oscillations resulting from having let the truck roll off a 4-in. platform. 3s 
The measured frequencies of vehicle A were 3.29 cycles per sec for the rear of 

the truck and 3.42 cycles per sec for the trailer. FF or vehicle B the frequencies - 


30 40 50,0 A 


Amplitude of 


vehicle trav led n near the east. curb ahaa that the of the load 


the east girder is less than that indicated by the computations. In these com-— 4 ‘ 
; putations | the floor beams were considered simply supported and the lateral 
system was neglected. ‘The stress measurements for the center span of the 
North Dillard Bridge at a vehicle speed of 5 miles per hr show that the loaded 
_ girder takes approximately 9% less than simply supported floor-beam opal 


difference is caused by the considerable torsional rigidity 


vided by the lateral system and the riv eted connections of the deep floor beams. 

- Computations based on the twist of a closed cell subjected to pure torsion oe 
were made to determine the effective resisting moment of the structure. To. 4 
form the closed cell required in this analysis, the laterals were considered ms 
placed by a solid diaphragm by relating the elongation of the laterals to the 

- shear deformation of a thin plate. The cell thus formed consists of the con : 
crete deck, the girder webs, and the solid diaphragm described above. For the 
center span, the resisting torsional moment results i in an indicated transfer of Ps 
of the weight from the loaded girder to the unloaded girder for 

10-ft vehicle eccentricity. A simple-beam stress distribution for this vehicle 

position shows that the east girder would take 87.7% of the total load. 3° The al 

load transferred from this girder due to torsional rigidity reduces the computed : 
= to 80.7%. The measured value, based on relative strains, shows that 

78.5% of the total load is carried by the east girder. The computation of the — % 

- load transfer due to torsional rigidity was based on measurements | of the dif- j 

ferential deflection of the girders. Therefore, the computations explain the 4 
a deviation from a simple-beam a distribution in in the test structure, but the method 
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cannot be applied to predict the of bridge except for estimates 
ra that might be justified due to similarity of design. An analysis that considered “a 
ultaneously would be of greater value; however, no 
4 such analysis was attempted due to the extreme complexity of the problem. * 

_ The natural frequency of vibration of the test structures was computed by | 
replacing the variable moment of inertia, based on , AASHO specifications, with — 7 
an equivalent uniform moment of inertia. Because vibration is a function of — 

the internal energy alternately stored and released by the beam, upitorm 

_ moment of inertia required to do the same internal work as that done by the " 
~ actual variable depth girders was determined for each span. Although this 

7 computed moment of inertia may not provide precisely the same vibratory. 

. a characteristics as the actual girder, it seemed preferable to base the computa- 

i _ tions on internal energy rather than on deflections. — The computed values t 

“4 wens 132,720 in.‘ for the center span and 124,310 in.‘ for the end spans. An- 


_ other r approximation used it in the Solution of vibration was that. 


span was divided by the span give a mean value that was con- 
sidered a uniform load. The resultant values were 2,320 lb per ft for the center 
span and 2,297 lb p per ft for the end spans. 
- The solution for the frequencies of vibration for the first symmetric mode _ 
and the first asymmetric mode followed the method outlined by 8S. Timoshenko, ia 
who a assumed each span had the same unit weight a and moment of inertia. <—“S 
apply the method to the present study, it was necessary to include the ratio of 
_ the k-values for the center and end spans as well as the span lengths in obtaining " 
the trial-and-error solution. The computed frequency of the first symmetric 
mode i is 1.57 cycles per sec and that of the first asymmetric : mode is 2.50 cycles — 
per sec. The measured values are 1.7 cycles per sec and 2.7 cycles per sec, 
respectively, for the North Dillard d Bridge. For. each mode the measured fre- < 
= is 8% higher than the computed frequency. This difference might be 7 
Bion to the use of an equivalent uniform moment of inertia; how ever, the com- ro 


with the computed-stress and ‘values. The measured 
Bs re stresses were lower then those determined on the basis of AASHO specifications b 
—_ composite girders, indicating that the moment of inertia is actually larger 7 
than the computed value. This larger moment of inertia would cause higher 
frequencies of vibration, as measured... 
ae - _ Although the Troutdale Bridge was erected from the same superstructure 
: plans as the North Dillard Bridge, the measured frequency of the first sym- — 
_ metric mode on this structure was 1.87 cycles per sec, 10% higher than the = 
a natural frequency measured on the North Dillard Bridge. . The reason for this — 
higher frequency cannot be determined, but. the most probable cause of ‘the 
u a - difference lies in the relative number of transverse deck cracks ; the North 
Dillard Bridge has numerous cracks, Ww whereas the Troutdale Bridge has very 
few. shorter piers and the pile foundation of the Troutdale. Bridge might 


(3 


— also contribute to this difference. Because the measured mean stresses cs 
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-. 5% lower in the Troutdale a slightly 
_ quency could be expected for this bridge. No records for the Troutdale 7 
is 4 Bridge were observed in which a residual vibration in the first asymmetric 
_ mode was evident. | Many of the records for the North Dillard Bridge tests a 
indicate this mode clearly. _ Because the same test vehicle was used in test-_ 
ing both bridges, the factor that provides the most plausible reason for this” 


_ difference in vibratory characteristics is the excessive roughness of the North al a 
Dillard Bridge deck. This roughness, in conjunction with the oscillation of the * 

vehicle load on its springs, may cause the asymmetric m mode of vibration to . 

impressed ¢ on the structure before the truck leaves the span. - This vibration © 

_ would persist at its natural frequency after the passage of the truck. SMS 


The existing pertaining of vibration of highway 


concepts, modified by the relationship between the stable: deflections of the 
simple-span_ structures and the multiple-span structures, were applied to the 
ae bridges. Due to the complexity of the problem, no correlation between 


Measured | and computed amplitudes of was accomplished. However, 


‘ With one exception the computations were made on the anostapllen that the 
test vehicle acted as a single concentrated load as it crossed the structure. 
4 This is a radical deviation from the actual case because the axle spacing or 
_ the pitching action | of the load on its springs may, in some cases, contribute 
- more to the vibration than the speed or natural vibration of the vehicle. a 
a ood To determine whether the amplitude of vibration could be correlated with 
4 the frequency of application of the axle loads, the vehicle velocities required to 
: = make the application of the axle loads coincide with the frequency of the bridge wa 
were computed. The speeds at which a point of resonance is indicated by 
7 these computations are approximately 35 miles per hr for the North Dillard oat 
Bridge and 38 miles per hr for the Troutdale Bridge. As shown in ‘Fig. 11, an ph 
_ increased amplitude of vibration occurs in the North Dillard Bridge at a speed 4 : 
near this point of resonance, but the Troutdale Bridge shows an increased 
7 * bration at a speed appreciably « different than this resonant speed. Ht The maxi- 
mum amplitudes of vibration on both bridges ¢ occurred at the maximum test 
ns speed obtained. LF The fact that the North Dillard Bridge has an increased am- 
; ya plitude near the point of ‘resonance—whereas the Troutdale Bridge does not— 
; a. a indicates the possibility that deck roughness may cause the application of the 
axle loads to act a as a pulsating force on the bridge. OF Of 


_ Asvuming a rolling, concentrated load « on a smooth deck, a maxi- 


load — surface described, this value is een equal to the worst case 
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The average total for the two girders at this speed was 1.32 times the 

static deflection (mean deflection at 5 miles’ per hr). The speed of 37 _— 
per hr was used in the computations because a maximum total deflection « occurs 
in both girders of the North Dillard Bridge at approximately this speed. " 4 
similar analysis : was made for the Troutdale Bridge a at a vehicle speed of a 
miles per hr because the maximum total deflection | ‘occurred at this speed. 
The computed ratio of total deflection to static deflection was 1.12 and | the = % 
measured ratio was 1.1 ‘for this bridge. This approach to determining the 
amplitude of vibration was not considered applicable to the North Dillard 
Bridge because of the roughness of ‘the deck. ‘The computations were made 

pos? ~ As shown in Fig. 9, the profiles of as wheel tracks of the ‘two bridges indi es. 

cate that the North Dillard Bridge is considerably rougher than the Troutdale 
Bridge. Because greater amplitudes of vibration were measured on the North a 
Dillard Bridge, it seems probable that deck roughness i is a contributing factor - 
to vibration. It was found that the excess vibration of the rougher bridge 
could be quite closely accounted for by : a mathematical ‘analysis. involving _ 


“number of approximations and simplifying | assumptions. 


The continuous profiles of the wheel tracks do not follow a pattern that can 
be ‘conveniently expressed as an equation ; therefore, ‘it would be extremely 
difficult to base any computations on the actual deck contour. To determine 
_ whether the amplitude of vibration can be attributed to deck roughness, it was 
assumed 1 that the deck contour could be represented by a sinusoidal curve. ‘a An 


“approximate solution was obtained for the increased force on the bridge be- 


cause of the wavy contour of the deck surface.” In arriving at a value for — 
“a 7 this: increased force, ‘it was necessary to ‘separate | the sprung part of the load 
from. the unsprung - part. this purpose it was assumed that the | unsprung 


pe of vehicle B was 6,000 lb. The action of the individual axles was not 7 
a wave om of 25 ftanda height of ij in. for the deck contour aie a speed of 
- % miles per hr, the computed value of the increased force on the deck was 
36,600 lb, about 51% of the vehicle weight. The value e of in. used for the 
i “height o of the waves is less than the average height on the actual deck. -How- 
ever, the additional force on the structure would probably be appreciably less 
_ than this computed value because of the different axles being out of phase, the 
é yielding « of the bridge deck, and the fact that the actual roughness i is variable 
both i in length and amplitude of waves. From these computations it is con _ 
-ceivable that a pulsating force of 20, 000 lb might exist, which i is the approxi- 
- mate value of force required to cause the measured it impact deflections. — Com- 
putations for the total deflection were made assuming a 20,000-lb pulsating 
~ was acting in addition to the 71, 000-lb weight of the test vehicle. - This 


‘resulted in a total deflection 31% greater r than the static: deflection." ron 


_*“Vibration Problems in Engineerin s. Nostran d Co., Tne., New York, 
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asured total defle ‘ction ae’ the vehicle speed used in this analysis 32% 


In regard the damping characteristics of the structures, the logarithmic 
decrement was determined from traces | for the two obvious 


ite 


v ibrating i in the first sy mmetric hrs approximately 0. 065 an 
 asy mmetric mode, approximately 0.076. The value for the Troutdale Feet 
in the: first averaged 0. 063 The 


seem to didiiaite the difference i in piers as a factor ott any consequence afecting : 


: Dillard Bridge consisted of gages at ‘the midpoint ula’ ‘at one end of a 
= stringer, and at the midpoint and at points 2 ft from each end of two adjacent: 
_ floor beams. To determine the degree of fixity of the ends of the floor beams, 
_ the relative stringer stresses were used to estimate the part of the total load - 
: being applied to the floor beam at each stringer connection. — Having thus es- 
‘ tablished the load being applied at each | quarter | point, the slopes of the bend- _ 
ing moment diagram were computed. Using these slopes and the measured — 
strains at points 2 2 ft from the ends of the floor beams, the points of contraflec- _ a 
ture were computed as 2. 19 ft from the ends. _ From this analy sis the negative , | 
- moment at the ends of the floor beam was found to be 34.95 ft- kips. Under i 5 
_ the same assumed load distribution, the negative moment for full fixity would 
7 be 92.34 ft- kips. The ratio of these values indicates that the floor-beam | con- 
nection and the torsional stiffness of the girder provide 38% fixity. _ Continuing — ‘> 
_ the analysis, the computed stress at the center of the floor beam i is 4,500 Ib per 


sq in. ~The: mean stress at this point, computed | from measured strains, is” 


4,030 Ib per sq in—11% lower than the foregoing value. This is couiahdleréd a 4 
a any agreement because the actu: al load distribution would vary some- an 


was applied to the three stringers; no allowance was tok the load g going 
directly to the girders. The stress at the center, computed from the assump- _ 
7 tion of hinged end connections, is 5, 775 Ib per sq in. for the load distribution — 

considered prev riously. . This stress is approximately 43% higher than the m mea- q 


“afl sured value. The rigidity of the riveted floor-beam connections is apparent 


_ The tests that were conducted on the North Dillard Bridge and the’ Trout- 
ft 
7 - dale Bridge prov ide much valuable information ¢ concerning the action of con- q 
“3 tinuous three-span bridges under moving loads. However, no recommenda- =—- 
a tions for changes i in design procedures are considered warranted on the basis of 


= this limited information. "The need for additional information and Vv verification 
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— results of many such tests can definite conclusions and recommendations | 


‘modifications i in design practices be provided. The derived from 
1. The measured ‘stresses v were generally | lower than those computed -~ 


- 4 the basis of AASHO specifications. At the center of the center span of the 

Pe North Dillard Bridge, the moment of inertia determined from measured strains _ -_ 
was 9% higher than the value determined according to specifications for com- — =" 
posite sections. For these bridges the indication is that the specifications de-— vee 
fining the part of deck to be considered in the composite girder are conserva — ou 
tive, but not overly so. _ Measured stresses at the center of the floor nese 


the girder. Although 1 no keys were used between stringer and 
7 3 measurements show that partial composite action does exist. Also, the fact 
- that tl the deck i is continuous over the stringers causes the part of the total load 
carried by the center stringer to be less than the value computed according to. 
specifications. Because of these factors, the stress computed for the center — 
stringer was appreciably higher than the measured value. The 
stress for the outer stringers was similar to ‘the measured mean stress. The 7 
- part of the total load carried by the outer stringers was greater than the com-— 


_ puted value, and the degree of composite action was less for these stringers a. 


stress over the is, in some cases, ‘greater than the 
+ by the AASHO formula. How ever, this stress oscillation was 


impact allowan ance, the stresses were ve than maximum 
_ stress values obtained from measured strains in all cases, except for the lees 


lower girder flanges. e resses e an 
_ were lower than the total stresses computed according to specifications. F ~~. 
_ the Troutdale Bridge all measured stress oscillations were lower than the cor-_ 
= “computed impact allowances. It w was concluded that the deck : 
Bn of the North Dillard Bridge contributed much to the impact stresses. 
a % The natural frequencies of of vibration | of bridges of this type can be com- = = 
ae oo. with reasonable accuracy by us using a uniform moment of inertia that a 
provides an equivalent internal energy. The frequency of vibration of the m. 
- structures during the passage of the test vehicles remained close to the natural — BY = 
4 frequency of the No ree vibration Ww ith a similar to that 


quency of vibration of the North Dillard Bridge can be explained by a lesser -* a ip 
moment of inertia, which, in turn, could be attributed to the greater cracking 77. 


of the deck slab of bridge as as compared with the Troutdale Bridge. 
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_ by E. G. Wiles, who accompanied the unit to ork test site and supervised | 
its operation during the tests. George 8. Vincent, M. ASCE, represented 
the BPR on the project, assisted in the field work, consulted with the writers 
at frequent intervals during the analyses of data, and offered helpful sugges- 
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on greater amplitude of (pit 
=: the greater roughness of its deck 4 
al test program was prepareil by Neil Var OF 
during the early phases of testing and ass __ 
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ON DYNAMIC STRESSES 


Rosert K..L. Wen,” J. M. ASCE. —An essential point that Messrs. 
_ Edgerton and Beecroft have emphasized is the importance of deck roughness _ 
in relation to the dynamic response of the two bridges studied. If the bridge - : 
a deck and approach are smooth, both experiments and mathematical analyses c 
indicate that, within practical ranges of parameters, a sprung load or an un- — 
sprung load will seldom cause any serious dynamic effects on the structure.” _ 
_ The maximum dynamic ‘stresses are on the order of from 10% to 15% larger 
than the maximum static stresses. However, field tests on highway bridges _ 
have shown consistently that the maximum mum dynamic deflection or stress may be _ 
expected to be 25% larger—and often more than 30% larger—than | the maxi- 
static response. Analytical studies and laboratory experiments*-“ have ibe 
_ also shown that large dynamic stresses can exist in a bridge if the sprung part — 
a of the vehicle has been oscillating | vertically as it enters the bridge. This 
-_ vertical oscillation of the vehicle may have been excited by the unevenness of 
the approach to the bridge. mont 
ba On highway bridges there is no apparent counterpart of the p pinata forcing — 
that acts on railway bridges because of the centrifugal force of wheel unbalance i, : 
* in locomotives. The effect of axle spacing has been conceived by many engi- 
neers to be similar to that of a periodic forcing and to be: the c cause of 8 a possible 7 


4 although limited,'* ‘indicates: that the effect of axle ‘Spacing is much 
serious. 


of _large dynamic stresses in highway bridges directly or indirectly to road 
; a roughness or to deck roughness. By the term ‘ “indirect” it is meant that road- 


way roughness may induce vertical or pitching oscillations of the sprung part 
of the vehicle, which, in turn, may cause large dynamic effects on the bridge. _ 
After studying much of the literature on dynamic stresses in highway — 
a bridges, the writer has received the impression that the terms ‘“‘road roughness” 
or “deck roughness” as related to highway-bridge dynamics have not been | 
- t sufficiently well defined and do not always refer to the same physical condition © 


the road or deck. Thus, it is desirable to examine deck roughness in some 
detail. following suggested terminology is admittedly ‘somewhat arbi- 


in 
trary. Nevertheless, it does describe, at least qualitatively, the different 


a physical characteristics of a deck surface to which the vehicle and the bridge 2 
ry respond in different ways. = 

1 Research Associate, Dept. of Civ. Eng., Univ. of Illinois, Urbana, Ill. 


“vag “Highway Bridge Impact Problems,” by T. P. Tung, L. E. Goodman, T. Y. Chen, and N. M. New- 
mark, Bulletin No. 124, Highway Research Board, National Research Council, Washington, D. C., 1955, 


« “Experimental Study on a Sprung Mass with Initial Oscillations,” by J. E. Taylor, thesis pemcated 


to the University of Illinois, Urbana, Ill., in 1955, in partial fulfilment of the requirements ~_ t e Seo 


"Theory of Transverse Oscillations in Girders and Its Relation to Live Load and 
ances,”’ by Inglis, Proceedings, Inst. C. E., London, Vol. 218, 1923-1924, p.258, Fig. 11, = | 
16 “Single and Tandem Axle Dynamic Effects on a Highway Bridge Model,” by R. H. Boehning, thesis 


presented to the University of Illinois, U in in fulfilment of the requirements for the 
_ degree of Master of Science, p. 40, Fig. Boy” ro 
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a Any devi a roadway surface from the assumption of a 
_ smooth and horizontal profile, an assumption usually made i in a mathematical — 
analysis of bridge vibrations, may be termed ‘unevenness.’ ’ Unevenness may 
= be caused by (1) obstructions, (2) roughness, and (3) profile variation. yee 
_ Obstructions include any abrupt changes of appreciable magnitude in the $ 
elev ation of of the roadway surfac e. _ They are also o characterized by their local-— a 4 
- ized presence on the road. When a vehicle runs over an obstruction, impact 
os in the literal sense occurs. Many experiments have been conducted on bridges 
- with trucks rolling over an artificial obstruction, s such as a 3-in. n.-by-4-in. — 
or a 2-in. by-4-in. resulting maximum dynamic stress can 
easily exceed the maximum static stress by 50% or more. F ortunately, the © 
3 frequency of occurrence of obstructions on a properly maintained bridge deck — = 
The ease of a vehicle passing over an obstruction on a flexible bridge deck 
a is susceptible to mathematical analysis. Results of exploratory analy tical 
up studies” of this kind indicate that the order of magnitude of the dynamic 
stresses and deflections of the bridge is in line with those shown by field tests. ov 
i _ Roughness differs from obstructions by its much smaller deviation from 
— and also by its more distributed nature on the surface of the 1 road — 
- deck. It can be termed the texture of the road surface. The response of a 
bridge with a generally rough deck (as defined herein) to moving loads is prob- _ 
~ ably similar to that of a structure to forces or disturbances of high oe : 
and small magnitudes. _ There is experimental evidence that this situation is 
not serious. For example, the vibration record of a bridge with a 24-in. | 
_ grating deck” traversed by a heavy truck : shows t that the maximum excess > a a 
‘namie deflection i is only about 5% of the maximum static deflection. Such— = 
a deck may be considered a typical rough surface. Cracks and joints on 
decks, if not opened tu up too widely or faulted, may be considered as localized © 
Profile variation comprises a continuous deviation f rom the assumed smooth 


its dead load, the deslans grade of the deck, the inborent unevenness of the | deck — 
4 due to the imperfection of surface paving and leveling during construction, and — 
any general changes in the profile of the bridge caused by subsequent exposure — 4 
of the deck to traffic and weather or other factors. The deck profiles obtained _ 
by taking elevations at 10-ft intervals along the spans shown in Fig. 9 can be ' 
: considered to be unevenness of this type. It may be observed from Fig. 9 that — 
the greater part of the total deviations for the North Dillard Bridge results from ; 
‘the continuous upward deviation from true grade from station 3 + 00 to ap- a Le 
proximately station 3 + 80. These deviations do not represent obstructions 


or roughness as previously defined; they represent the difference between the 


“Impact in Highway Bridges,” Final Report of the Special ASCE, Vol. >. 


95, 1931, p. 1090. 
18 “Test on Rolled Beam Bridges Using H20-S16 Load ng, G. M, Banter, Research Report 14 t 14- B, 
‘Highway Research Board, National Research Council, Washington, D. C., 1952, p. 0. ab) 


“Highway Bridge Impact Investigation,” 2d Progress Report, "Research Seren No. 2, 
of Urbana, Ill, 1952, pp.99-109. 

“Vibration Measurements on Simple-Span Bridges,” by John M. Herbert 8. Bulletin 
No, 124, Highway Research Board ,National Research Council, a eas C., 1955, p. 12, Fig. 14. 
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ON DYNAMIC STRESSES 


2 Profile 1 variation will cause no shock or real impact on the vehicle or on the ce : 
— _ It will produce instead a continuous forcing or disturbance acting on — 
the vehicle that ‘Teacts on the bridge. The predominant frequencies of this = 
disturbance s are lower than those caused by rc yroughness. 
a The effect of profile variation is also susceptible to mathematical analysis by __ 
_ numerical methods, provided the variation is known. However, in practice ‘a 
* the exact profile is not available until a bridge is completed, and subsequent oe! 
—- of the deck to traffic and weather may modify it to some extent. 


| 


n the effect of deck unevenness might 
directed to the problem of of records such 
_ as those shown in Fig. 9 for several representative bridges is a good begin- 
ning. | In recent years, in dealing with random disturbances in general, the 
_ technique of spectral analysis has often been applied and found useful. Both 
_ this approach and statistical analyses may prove helpful in interpreting the 
r, 7 records of profile variation, and in providing some rational basis for predicting 
the influence of this factor on the magnitude of the dynamic stresses and de- 
fi flections in highway bridges. whude. doit 
4 Under | the heading, ‘‘Vibration,”’ Messrs. Edgerton and. and Beecroft present an 
approximate analy tical solution for the increased vehicle reaction on the 
that was caused by deck unevenness. They assume that ‘“*** the deck _ 
tour could be represented | by a sinusoidal curve” with a wave length o of 25 ft 
and a wave height of } in., and that the vehicle. speed v was 37 miles | per hr. 
They refer also to equations” given by Timoshenko. The writer 
_ found it difficult to reproduce the value of of 36,600 lb, which was given as t the in- 
creased vehicle. pressure due to the “ “wavy y contour” of the deck. 
It is not clear whether by “‘a sinusoidal curve” the authors mean a series of — 
— 25ft sine waves, or just one single wave preceded and followed by a smooth — 
surface. | According to the first meaning, a small variation of the wave length — 
= of the vehicle speed could produce true resonance, so that the increased 
pressure could theoretically approach infinity. _ As to the second meaning, it is 
- difficult to conceive of the physical similarity between the actual deck contour — 
the assumed representation. In either case the increased vehicle 
_ is directly proportional to the assumed height of the wave. 
i. » ae In view of the rather arbitrary nature of the assumed physical condition for 
¥ the analysis and in view of the sensitiveness of the result to the variation of the ™. 
_ assumed quantities, the writer believes that such an analysis serves only as an 
approximation of the order of ‘magnitude of the dynamic responses of the = 
bridges tested. — Although this may have been the intention of the authors, the _ a 
‘significance of this type of analysis does not seem rm ae Pe with the results of 


The analysis of dynamic stresses in highway bridges is ‘difficult. ‘However, 
a analy tical method for studyi ing the vibration of this type of con- 


ee bridge i is still needed. _Inr recent years substantial progress has been 

made in the analy sis of simply supported bridges. po ith the aid of — 
i “Highway Bridge I I 
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electronic computers , analyses can now be that consider the effects’ 
_ of such variables as axle spacing, vertical oscillation and pitching action of : 
___- vehicles, vehicle e springs and tires, flexibility, and the actual deck profile of the 
x a With reference to the discrepancies found in comparing the measured static _ 
and dynamic stresses with their theoretical or computed values, the study of 
"dynamic stresses in highway bridges is still in its early stages, and research 
a. “_ workers in this field often face the difficulty of defining the object for which — 
ars are searching. It is probably advantageous to focus attention on the 
- 4 relationship between the experimental static and dynamic stresses and the rela- 
“4 tionship between the theoretical static and dynamic stresses. Cross compari-— 
sons of these quantities of stress would needlessly complicate the picture at the — 
— stage (1956). For the convenience of a narrowed-down scope of in- 7 
vestigation and in order to obtain a proper perspective of the problem of hich 
‘ way-bridge dynamics, it seems desirable to separate the study of the predic ao | 
of dynamic stresses from that of static stresses, although h experimental da data for 
both can be e obtained from the same test. set-up. ie 
In short, it seems that the study of bridge stresses and deflections may be ; 


bridge response can, in fact, be considered as independent of the accuracy of 
_ the prediction of static response. — In order to predict the actual v alue of the 


response, any advance made by the static-response study can usually 


be utilized. However, the present concept of dealing with dynamic response of 
_ highway bridges does not really Tequire an accurate prediction of its actual '" 
value. This is indicated by the manner in which provisions for bridge impact 
are made in the AASHO specifications. Therefore, in view of the foregoing, . 

_ the fact that the measured ‘Static § stresses differ appreciably from the computed 
values need not cause undue concern. okt be to to. 


C. EpGERTON™ AND Gorpon W. Beecrort,” Associate MEMBERS, 


ASCE —Appreciation i is expressed to M Mr. W Wen for his comments on dynamic- 
is agreed that a uniform would adequately describe 
However, any terminology. will sequiee further explanatory ma material to » define 
es degree of profile variation or pongnnaan. For example, one could have a 


ficant dynamic ‘effects the deck if the variation increased 
through | an appreciable length and then decreased slowly through a similar 

- length. - Historically, roughness as applied to highways or bridges i is used to 

indicate | surface that is ‘not smooth. It includes surface texture, profile 


4 
i = - 
— >. 
ce x ——- Sponse; and (2) the study of the ratio of the dynamic response to the static ree | 
— 
— 
= 
— 
— 
undesirable to limit its meaning in discussions pertaining to dynamic-bridge 4 
Research Engr., Oregon State Highway Dept., Salem, Ore. 
Asst. Research Engr., Oregon State Highway Dept., Salem, 
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BDGERTON-BEECROFT PT ON DYNAMIC 
i studies. As commonly used, roughness would be a term sy 
with Mr. Wen’s term “unevenness,” with the exception that the former r term 
Beer not apply to highway grade. To use and limit the meaning of a word ~ 
in the vernacular would lead to confusion. The surface texture might be 
as “broomed finish,” “open grid,” “nonskid,” or any other appro- 
As stated at various times. in the paper, , the surface profile of the North 
Dillard Bridge was not as smooth as that of the Troutdale Bridge. The test 
results show also that the amplitude of vibration of the North Dillard Bridge 
was appreciably larger than that of the Troutdale Bridge. Because the 
_ superstructures of these two bridges were erected from the same plans and the 
same test vehicle was used in the tests of both bridges, the obvious conclusion © 


of the North Dillard Bridge deck was sufficient to cause the difference 
‘in measured amplitudes of vibration between the two bridges; the values — his 


‘measured computed ‘amplitudes of vibration was accomplished, but com- 
-putations based on ‘an assumed deck contour indicate that the excessive 


cos — 


8 was used to compute the given value for the 
force on the bridge deck. . Avvehicle speed of 37 miles’ per hr was used — 
a maximum measured deflection occurred in both girders at approximately 
ie this speed. The unsprung weight of the vehicle was assumed to be 6,000 Ib. : 
= average of the measured frequencies of vibration for vehicle B was 2.39 
a cycles per sec, giving an average period of 0.418 sec, which was used in the 
computations. This period of 0.418 sec and a value of 65,000 Ib for the 4 
sprung weight of the vehicle were used in computing the spring constant of t 
38, O00 Ib per in. At the of 37 per hr and the wave length of ft, 


x 


=1 42 sec, at which time the vehicle would have haenalaal 77 ft from a 


“Vibration Problems in Fngineering,”’ by S. Timoshenko, D. Van Nostrand Co., Ine., N aan Yok, 
, 1937, p. 240, Eq. h. 
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ht performed to determine whether or not the excessive 

North Dillard Bridge could reasonably be attributed to deck roughness. In 

| * 

4 ¥ connection with the assumed contour of the bridge deck 

s pertaining thereto, reference is again made to Timoshenko’s work. 

The profile of the assumed to be represented by 

4 a which notes amplitude or wave height (+ in.), gisa _ 

a 

2 

‘ 

— 
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a maximum at intervals of approximately 0.4 

that the sin = 


midspan . By = 42 sec the other 
imoshenko’s the v: alue of 36,600 Ib was obtained 


different axles being out-of phase, the yielding of the bridge the fact 
that the actual roughness is variable both as to length and amplitude of waves. | ‘ 
q However, the computations did serve to indicate the likelihood that the rough- 3 
a of the North Dillard Bridge deck is the principal reason for the marked s 
difference i in vibration between two bridges constructed from the same . plans. 
Mr. Wen suggests that comparisons should be made between the experi- ‘ 
menial static and dynamic stresses and between the theoretical static and 
_ dynamic stresses, and that cross comparisons of these quantities cause need- : 
s less complications for those engaged in dynamic studies. Attention should — 
be brought to the fact that to the bridge engineer, whose responsibility it is 
to design and maintain structures that will adequately serve the needs of _ 
_ the traveling public at a minimum cost, the comparisons between measured 
and computed static stresses and between measured and computed dy namic s 
, a stresses are more meaningful. T A principal purpose of bridge studies of this 3 
type is to prove or disprove the adequacy of existing specifications and to | 
acquire data from ¥ which specifications providing greater safety or greater 
economy may some day be drawn, Therefore, it seems that these are the 
4 logical comparisons; however, all information has been presented 90 that — 
those having other interests can make other comparisons. 
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part of the flow. The proposed visualizes a periodic 
of the sublayer. The magnitude of the life period -sublayer can 
predicted theoretically and has been checked by experimer b. 
of this model, some predictions will be on the generation 


INTRODUCTION 
The viscous sublayer, i in the sense of this derivation, is lia a spi 


* thin fluid layer : along the smooth boundary of a turbulent fluid flow, in which, 
‘ _ due to the proximity of the wall, the turbulent pattern of flow cannot develop 


freely. present (1957) serious students of turbulence a admit the 


of this layer under the j given conditions, but cannot agree on its exact physical 
description. However, there is general agreement that at the boundary 
entire shear stress is transmitted i in the fluid by viscosity (by molecular action). — 
Outside the layer most of the shear is transmitted | by eddy viscosity, or, in in 


lecular size. How the transition from | molecular units to molar units 


effect is generally ‘agreed on, though an ever-increasing amoun 


of information becomes available from measurements in the proximity of Bus 


Published, sinaieltalie as printed here, in April, 1956, in the Journal of the Sichininee Me- 
por. Division, as Proceedings Paper 945. Positions and titles given are those in effect when the ang or 
discussion was approved for publication in Transactions. 


Prof. of Hydr. Eng., Univ. of California, 
Research Engr. i i 
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= becomes consistent if turbulence is assumed to be created at the fictional f 
ss boundary.* This assumption is supported by the observation that turbulence | 
‘ “A is created only in connection with a frictional boundary or at the interface — 
ar, - between fluid masses of different velocity y. The latter is commonly found — 
wherever a flow separates from a solid boundary, leaving a fluid body of | 
ae different velocity between the main flow and the solid boundary. A good = 
oat example of such a case is found along the wake of any submerged object w here 
; eis _ the interface between main flow and wake is not stable but steadily fluctuates, — 
constantly shedding newly created eddies into the flow if the Reynolds number — 
a 4 is sufficiently high. | The same process may also be observed in the wakes of | 
E the individual roughness elements of a hydraulically rough boundary. — With 
ag _ the wakes located between the roughness elements, turbulence derived from a ie 
7 rough boundary can be said to —" at the wall, from the point of view of _ 
If the turbulence patterns if the ‘velocity distributions, 
hich are derived from smooth boundaries, are compared with those along 
rough boundaries, the patterns are identical. equation of the time- 


average velocity distribution near a smooth boundary can be transformed 
that near a rough | boundary by replacing the viscous length scale, v/U,, by a 
multiple of the roughness, k, (0.300 k,), in which v is the kinematic viscosity 
bis and u, is the friction velocity. This shows that there is a basic sales: 

ra) between the two processes. It may be expected that along the smooth bound- 
7 ary, also, the turbulence must be created predominantly at the boundary itself 


and not somewhere in the free flow. In addition, a satisfactory model of the 
viscous sublayer explain how turbulence is created in this case. It will 
shown herein” that a model can be found that describes the flow 


ea In order to attain a workable model, one must ach first that at a - given 
4 instant the turbulent flow continues all the way to the boundary with a finite a rs 
ma main velocity at the wall. The high velocity gradient at the wall necessitates a, of 
‘ns a an extremely high viscous shear at that point which is not transmitted into the . y 
“Pe P free fluid because of the lack of velocity gradient farther away from the wall. a 
_ This shear decelerates the fluid adjacent to the bo undary, creating a viscosity- Se 


ey ‘controlled layer (or a _ viscosity-controlled sublayer), which in time grows in 
thickness. As the thickness of the sublayer grows, the be- 


% oe This sublayer is is an n unsteady laminar or near-laminar ie paar on one 


ie - side by the rigid wall and on the other side, in a rather undetermined manner, 
- by the turbulent flow. _ The sublayer i is comparable to a a shear flow between 
ao two solid walls, which have a constant velocity difference and which “con- ar: 
tinuously increase their distance, with the fluid ‘supplied constantly through 
the wall representing ‘the turbulent fluid at a rate satisfying the continuity 


“Der hydraulische oder Profil-Radius,” by H. A. Einstein, Vol. 103, No. 
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8 SUBLAYER 

fis The Reynolds number of the continnously grows under 
_ these circumstances, indicating an ever-growing tendency to become unstable. — 
a It is to be expected that, under the steady effect of the disturbances from the 

_ turbulent flow outside, the sublayer flow will become unstable and turn into 
- turbulence itself as soon as a critical Reynolds number has been reached. — 

_ Turbulent mixing will occur between the previously © turbulent flow and the 
newly created sublayer turbulence. Because turbulent mixing is much 

; effective than viscosity, the sublayer fluid is accelerated by the turbulent out- _ 


— 


re 


Dig 


side fluid to approximately its ¢ own velocity ir in & much | bacrpag) time than v was vas 


<a _ The inherently unsteady character of this flow was demonstrated by noting — 
i on flow conditions in a _ plastic, transparent p pipe, 2 in. in diameter. For both ou 7 
the flows the discharge was 0.008 cu ft per sec; the average flow velocity, BS 
0.367 ft per sec; the Reynolds 1 number, 5 ,700; the Weisbach friction factor, 04 
0.036; the friction velocity, u,, , 0. 0246 ft a sec; and the sublayer thickness 
was 11.6 v/u, = 5.1 X 10- “3 ft, ~1.5 mm. A small hole was drilled into the + 
bottom wall of the pipe at approximately the 6.0- ~cm mark of a scale, permitting > »S 
the injection of dye into the boundary sublayer. 7 ‘The dye was introduced at a y 
low constant rate and velocity. The dye was not expected to mix with _ 
the turbulent flow if the viscous sublayer flow was steady. 
other, indicating the | existence of “sporadic mixing “as proposed in the u un- 
The foregoing description of cyclic ‘growth and decay of the sublayer 
k represents the fundamental idea on which the proposed model is based. Some . 
modifications were introduced, however, for the following mathematical 
description : First, the introduction of an imaginary outside boundary, which 


permits the ‘of fluid, is not actually necessary because the distance 


ring 


displacement thickness of the sublayer may then be introduced as a ‘measure 
for its thickness. Secondly, in order to receive expressions that can ie 
3 integrated and otherwise handled mathematically, the eddy viscosity of in yi 
turbulent flow was assumed to be infinitely larger than the molecular Saclake y 
_ of the fluid during the period of decay, resulting in a constant average velocity 
at all points of the turbulent flow. _During the period of f build-up, the effect 
of eddy viscosity was neglected. $3 Thirdly, it was assumed that the area of ad 
boundary over which simultaneous growth and decay of the sublayer occurs | 
is large in all directions compared with the sublayer thickness, ‘Teducing the ahe 
sublayer generation toa one-dimensional, -unsteady-flow problem. 
Using a system of Cartesian coordinates (x,y,z), the of the 
a & layer can be described on the basis of the foregoing oie he equatior ee 


_ turbulent flow is assumed to be e large compared with the sublayer thickness. . The 7 i 
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boundary, The continuity equation for this flow indicates | that the displace 


vars 


growing of the beginning at 0, are for t = and allz— 0, 
a 


In the given conditions, ‘®, _ is the representative velocity in the turbulent 
near the A for this flowis Wow" won 


be This solution, which is the Ga uss error integral, actually satisfies the 
boundary conditions of Eqs. 2. - For t= =0, the limit, H, becomes infinite and 


‘80 the first condition (Eq. 2a) is fulfilled. The same argument holds 
for >| 0 and = For and t > 0, ‘the upper limit, H, becomes 0; 


with zero range of the integral i in Eq. 3 the velocity, u, becomes 0, so that all j pt 


boundary conditions are ac actually fulfilled. 


The error integral cannot. be expressed in closed form but 
has been tabulated‘ and made available for numerical computation. 
Thickness Scale of the Sublayer —Eq. 4 already indicates that the instan- 

taneous, , boundary-sublay er thickness should be measured by a sliding seale, 


= as me unit, Ply: because all distances, z, com the boundary are 


~ 


by which far away the surface are diverted due to 


velocity re reduction of the incompressible | fluid between the streamline and the 


ment thickn ss,d*,may be determined as 
1 


= if an equal ocho is assumed to flow at all times between the boundary and 4 


? 


kinematic viscosity, u denotes the instantaneous sublayer 
| 
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| in which the continuity 
zy, but not infinitely long, 
yhich is visualized as long, 
layer, which i Ginn and Co., New York, N. ¥., 1929. 
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VISCOUS 


= section 2 ‘through the boundary (Fig. 1). tank, 
dy Introducing the value o of u from Eq. 3 into Eq. 6, ‘en value of 6* is deter- 


The 
3 With the help of a: 4 the distance, 2, i z, is now expressed in terms of H 


ing tha “Fra. 1.—TuHE Bounpanr Laver to 

5 is. used to expand Kq. 7a i into 


— 


dame 


om: 
The of integrations is changed Th hie 


ca 


(td) 


Eq. 8 it may be seen t 4 has the 
physical significance of being 2/2 times the 
result of the displacement thickness being paopertinnal. to ¥ vt could have 
been derived from dimensional considerations because ¥ » ¢ is the only param- 
eter of the problem with the dimension of a length. However, the constant of 
proportionality can be obtained only by integration. | ade 
Shear Stress in the Sublayer—In order to become more familiar with the | 
character of this flow, the shear stress may be computed. — Because velocity 
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t is the shear stress and is the dynamic 0 the fluid. At the 


= 
“¢ ‘At time ne zero, when the turbulent flow with the constant velocity ‘still reaches 
the boundary, the shear stress is infinite and subsequently reduces quickly 
to ever-decreasing values. The significance of this infinite value may be 7 
tested by computing its impulse | or time integral. 4 An infinite, instantaneous — 
Teevalue may be acceptable i in a physical as long as it has no lasting 
effect. The time integral is thus determined between 0 om a ) final time, 4 


the dynamic is expressed p, in which p is the fluid density. 

i‘. It may be seen from Eq. 1l that the impulse for finite-time intervals, 7’, is 

Gene finite and approaches zero as T approaches | zero, indicating the in- 
significance of the high Tr-value att=0. The time-average shear, 7o, may 


ped 


and, vif is used that introduces the friction as 


and a relationship | between T, us, and U, results 
Eq. 14 indicates t that the growing period of the sublayer may be predicted + 
os under the assumed conditions from the kinematic viscosity of the fluid, de : 


for the Teacceleration of the sublayer fluid to the flow 


exist in the z-direction only, one may write = 
— 
ve 
‘ 
| 


“may tie pe to averages for the total time. 
‘The decay process itself is unstable and highly nauiiens. _ At this time, 
‘any mathematical description | of the decay process | itself appears utterly i im- ~ 
7 _ possible. _ The condition of incipient instability, on the other hand, may be _ 
studied by a stability condition of the laminar sublayer flow. A dimensional as 
consideration indicates that this condition is characterized by a critical Rey- 
-nolds number, as in the case of the corresponding laminar pipe flow or channel i. 
flow. If the Reynolds number is introduced as wf Joana 


: pee the pipe diameter. The use of the displacement thickness instead of the 
‘7 hydraulic adius may still change tl the resulting critical Reynolds number from 
ons of a pipe, , and it is quite interesting to estimate Ry*, which can be done by 


; oa 9 the velocity, U., for a given value of u, from the main turbulent 7 


~ 
Eqs. 14 and 8 are used to express in 16, U./us may be 
_ as 12.39 for n = 1.0 and from that, Ry* = 780. Similery, values of Ry* can — 


be obtained for other values of ‘as shown in Table 1. : 


TABLE 1.—Critica Nunssas For Various ASSUMPTIONS OF 
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Iti is possible to express all the variables of the problem i in terms of all 


‘ Momentum Transfer Through the Sublayer.— .—Eqs. 8 and 12 can be side 
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Wale Tor Mav Only be ade empirically Irom Measurements, 

| — 

Which may be interpreted as a momentum equation. Eq. 17 indicates that the 
shear stress, 7), which is transmitted from the wall to the sublayer per unit of 
wall area, is used totally to reduce, 1/T times per second, the velocity ofamass, 


ISCOUS 


coil br*, , from U,. to zero. An n equal amount of momentum is transferred using 
= the same equation by the reacceleration of the same mass to U, after it has 
oe turbulent. This explanation and description of the momentum transfer __ 
4 om the sublayer to the turbulent flow is « is one of the great advantages of this ya ; 
ith this model not momentum but also. fluid, dye, sediment, 


= 


a and cannot be explained with a basically steady flow pattern in the sublayer. © 
Average Velocity Profile in in the -Sublayer—If the duration of the decay 
5 i period is again assumed to be “negligible with respect to the build-up period, 


_ the average velocity distribution in the sublayer can be determined by — 
20 


_ Turbulent velocity distribution 
i/u,=5.545.75 log ugz/v 


J 


ied /v = 500000 (measured by J. vol 


© Hed /v =50000 (measured by J. Laufer) — 


Fi. 2. —Time-Aver. ERAGE DISTRIBUTIONS | IN SUBLAYER 


period, 7, only. “On the basis of Eqs. 3 Os 
which @ is the time-qverge sublayer velocity at a distance, z, from the 
a In this form Eq. 18 shows that the proposed sublayer has a / 
 -versally applicable velocity distribution if is given in terms of 2/2 Vv T. 
_ ‘The funetion in Eq. 18 cannot be integrated i in closed form. . Numerical * 


integration gives the ‘curve of Fig. 2, in values | obtained J: ‘Laufer? 


/T=0 


_§“The Structure of Turbulence in Fully Developed Pipe Views." 


by J. Laufer, eawrerey Note No. 
2946, National | Advisory Committee for Aeronautics, es 
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Root-M M ean-Square Deviation of ‘the Instantaneous Sublayer 
‘root mean. square of the local velocity, also can only determined 


|‘ The determination of V = is based on the following: 4 

= 4 ii)? dt ( 


ae 
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19 can be made by dividing by as shown in in Fig. 
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Rw 


= 500000 (measured by J. Lauter) 
&,.d/v=50000 (measured by J. Laufer) 
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IN THE SUBLAYER FoR Various VALUES oF U, 


“Rate of Energy Dissipation in the Sublayer —lIt i is interesting to determine 
“both the percentage of the total flow energy, ¥ which is dissipated into heat in the 
-sublayer by viscous: action, and the remaining which enters the 
energy 
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a fS2),, 
and 
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on, $, can be directly - computed pert unit of time and volume as gti 


rr 
The time-average dissipation, 9g, ove unit of time and nes is 


from Eq.9, = 


| 


This integral. can be solved numerically from tables. The sitet is given as a 


plot of v*/u,* (0%/dz)? versus uy, in Fig. 


~ an particular interest is the rate of total energy , dissipation i in the entire sub- 


2» Ute —s?/2vt a( 
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total rate of "energy, available in | the main turbulent may 
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oe 
describe | as ‘many y of the various the actual flow behavior as 


- This model has the advantage over any quasi-steady-flow sublayer 
‘description in that i it explains the exchange of matter the turbulent 


flow and the boundary as it has been observed to exist. a i aol udin teil 

Wat 44 Luce ne 


04 
—U, determined at 2=3.0 
ad 
rs. —Direcr Rats IN THE SuBiay AYER 
Ade However, no model and no theory are better than the assumptions on which : 


they are based. Although it is believed that the basic description of the sub- ear 
layer cycle is. correct, some of the mathematical simplifications used in the — ce, 
derivation and solution of the ‘equations are somewhat questionable. ie The 
4 assumption of an infinitely high eddy viscosity and of the resulting constant Sa 
flow velocity in the turbulent flow is definitely unrealistic. It will be necessary, — q 
7 therefore, to investigate the effect of this idealization of the flow, which can | 
best be done by comparing observed velocity distributions with the prediction 
of the the model. . Fig. 2 shows several predicted velocity distributions based — 
on various assumed -values corresponding experimental values mea- 
- sured by Laufer.§ The measurement seems to confirm the contention that in 
4 a curve of %/u, versus Uy z/v the distribution is independent of the over-all “ 
* Reynolds number of the flow. Furthermore, the graph indicates that the 


outside velocity, Was must probably be measured at a distance of between 


ar 
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2 and 356r* to give a ‘velocity distribution sin ilar to the ‘measured diss 
Assume that the value of z = 3.0 57* indicates iis point of the turbulent- 
-_-velocity- distribution curve (shown i in Fig. 3 as a dashed curve) in which U, is 
“obtained. At this point, @/uy = 15.6, which is indicated by the horizontal — 
tangent to the computed @/u,-curve. Tt may be remembered t that, due to the — 
assumption of uniform turbulent velocity distribution, the flow velocities in the 7 
_ 4 range of the entire sublayer are assumed to have a value of U/uy = 15. 6 at the i; 
beginning | of the build-up period: of the viscous ‘sublayer. This velocity 
_s - distribution is ; assumed to have been created in the short preceding period of © 


decay by turbulent exchange with the outside turbulent flow. 


= 


sublayer period the veloc ity the extended turbulent v 
distribution. Unfortunately, this approach leads to hitherto insurmountable — 
mathematical difficulties. In a addition, the physical picture becomes rather 

confused because the transmission of momentum is simultaneously performed, 

pune by and by turbulence. All that can be safely 


, 


at time zero near the boundary. ith the erage 
nearly correct, the final minimum velocity is probably too low, and it must be 
that the predicted r root-mean-square values of the velocity near the 


Fig. 3 shows that this is ac actually SO. The curves of the root- -mean-square | 
_ values of the sublayer velocity (Eq. 19) were plotted for various U.-values and | 


. compared with values. measured by Laufer. All curves are high along this 
Te steep rise from the wall as just predicted. _ They come to a sharp maximum > 
«Rear Us z/v = 6 to 12 and drop again sharply toward zero while the measured — 

values remain high for the rest of the section. The foregoing is reasonable 
a because the predicted curve describes the unsteady laminar flow only, whereas 
the points "include the fluctuations of the turbulence. 


“gublayer #0 so that the difference between the predicted cu curves and the measure: 
_ values is explained for values of Me 2/v larger than the maximum of the pre- 
this comparison of the and predicted values of velocity 
measurements, it is possible to conclude that the proposed theory, although 
basically correct, gives only a rough approximation of the actual flow pattern. 
a Consequently, the values for the predicted | period, 7’, must also be expected ‘ 
_ to be larger than the actual values, which may be seen from the derivation of 
Eq. 17. If the range of velocity change at various distances from the wall i is b 
< effectively less than assumed, the number of changes per unit of time must be 
higher than predicted to permit an equal shear to be transmitted by momentum vas 
exchange. Unfortunately, no measurements could be found in the literature 


: 4 from which | the period, T, cpr be taken, nor i is there any mention that any 
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Demonstration of Fervodve Character of the Sublayer.— Lhe sed 
-_ + that ; none of the successful investigators of sublayer flow in the oe ee — ha 


— 


random originating in the flow outeide: thes 

. Therefore, it appeared most promising to locate the point of measurement as far 
ae away from the turbulent flow as possible or to measure at the frictional bound- 
itself. flow velocity vanishes at that pc point and thus cannot be 

| measured. However, it must be expected that the pressure reflects any such : 

periodicity of the flow pattern. _A pressure recording system was developed 
“using a Rutishauser pressure gage as described in the Appendix. This signal :~ 

was expected to contain a large percentage of random noise created by the 


_ turbulence of the main flow, , calling for for a special method to detect any possible P 
periodicity. available ‘sound. analyzers v were unreliable because their 


4 
ae _ band width was excessive and their frequency range insufficient for mow fre-| 


| 
2 


Record 2 \ | Bea 


0.4 tb per sa in. / 0.022 Ib per sq in. f0.022 ib persqin] | | TOY 


Sample of pressure fluctuation a1 
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record at the bottom of flume 
‘COUP 
bo 


ani _ Fi. 5,—AUTOCORRELATION OF THE PRESSURE FLUCTUATION bar & 
THE Bottom OF THE FLUME, Run 1 
an autocorrela- 


value: Even if the major part of the signal is and random, 
- this part of the signal will result in a regularly dropping correlation curve. x6 If 
there is ‘a periodic component added to the random signal, this: part of the 


signal will appear as a superimposed — periodic fluctuation in the windy 
curve, too, as may be seen in Fig. ques? 
‘Thea autocorrelation coefficient, C, for a continuous function of 


Yo vie 


any periodicity 1s tat the periodicity cannot be directly ap- 
i 
> 
a 
a i 
| 
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in Po is the pressure at time t; denotes the omnes pressure at 


from 4 hr to 12 if this without 
_ Fig. 5 shows that only a large number of C-values for a wide variety of (At)- 
values are able to show any characteristic trends, such as the periodic | com- 

ponent in Fig. 5. This direct method was abandoned as being too slow. ia res 

sei _ According to R. R. Putz, J. L. Lawson, and G. E. Uhlenbeck, 6.7.8.9 ~ae 
correlation coefficient, C, can be obtained in a different way. Ifanew oruarged ; 

II, is introduced so that II has the value of +1 whenever p is larger than its” 

€ time-average value and has the value of — 1 whenever p is smaller than its 

time-average value, then a new correlation coefficient, C,, Ci, ST saea) be determined 


| 


tion process. Even this method is still quite time 
2 hr of work are needed to obtain an individual Ci-value. _ This process i 
adaptable to mechanization, and a device. ‘is being developed that is able to 
_ produce C;-values in a very short time. ‘The analysis of any records by 
_ correlation curves becomes an easy matter, and much information is expected 
. o become available soon on the periodic component of turbulent processes 
ao boundaries. The writers would have preferred to include some sl 
data in the paper, but, unfortunately, the development of the ‘mechanical 
a correlation machine proved to be more time consuming than was anticipated, 
a 2 and such data are not available. Thus, only a few curves exist at this time, 4 
_which were derived by manual determination, such as those shown in Figs. — 
a, 5 and 6. . Although the ‘periodic component is quite pronounced in Fig. 5, 
=e 4 this tendency is not so clear in Fi ig. 6. - ‘The flow « of Fig. 5 may be used to check 
P the frequency of the fluctuations agninat the theoretical prediction. The flow 
bY under consideration i is an open anal flow of machine oil with the ee 
‘4 tics as given in the Appendix. Assuming again that Us must be measured at — 
3.0 57*, the period, 7’, may be determined as 1.25 sec. The measured Ci-curve 


_ shows a distinct period of 0.4 4 sec, or approximately o one-third of the ea: i 


***Measurement and of Ocean Waves,” by R. R. Putz, Proceedings, First Conference 
Ships Council of Wave Research and Soc. of Naval Archts. and Marine Engrs. all 
4 29, Issue 58, Inst. of Eng. Research, Univ. of ornia, Berkeley, Calif., 1954, p. 4. madd i 
esr * “Statistical Analysis of Wave Records,” by R. R. Putz, Proceedings, Fourth Conference on Coastal 7 
_ Eng., Council on Wave Research, 1954, Chapter 2, p. 13. a 
Signals,” by J. L. Lawson and G. Ublenbeck, McGraw-Hill Book New 


soi th & values may be approximated by the sum of a large number of individual — a oe 
p-values. However, it is necessary to choose the number of these individual 
noints from 200 to 1000 to eliminate the accidental influence of individual 
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i 
ae et, Putz*-7-*-* shows that C, = C if p is a random func 
flow com ponents. Coefficient C, is much 
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‘s analy tic treatment can be made responsible for such a large deviation can prob- ice: 

ably not be decided until more experience with this method of statistical analy- Prien 

Boundary Sublayer and Turbulence.—Many definitions have been given for 

3 turbulence i in the ou most of which stress the random agregar of the tor 


vee One of the most important of can be by 
- comparison between a fluid agitated by simultaneous, complicated wave sys- 
tems and one agitated by turbulence. The wave systems visualized here may _ 
_ be of such an amplitude that the resulting motion can be described by linearized 
equations. As in the case of turbulence, a motion results that appears ee 6. 
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‘woh my “ida ‘Value of At, in seconds 


Fic. AUTOCORRELATION AT THE BOTTOM OF THE FLUME, 


: ies random if a large area is observed and becomes absolutely continuous 
the small detail ; however, this motion is not turbulence. The > main 


> unidentifiable. This indicates that neighboring will not 
stay close together but will soon occupy widely si separated positions. ae 
_ behavior is usually found in flows with strong shear motion or shear deformation : 
of the fluid. It is true that a laminar flow also shows this deformation, but haa 
_heither is it turbulent nor will it mix dye as efficiently with the surrounding weity - 
fluid as will the turbulent flow. . The main difference between the laminar Wah - 
flow and the turbulent flow seems to be that the shear motion is regular and ang 
even in the Jaminar flow w but is is in the flow. 
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‘Tiuid wil, for a long time, remain at approximately the same location without. 

- 1. much mixing with the surrounding fluid. If dye is injected in a turbulent lice ee 

|| 


the kind i in “which the fluid vorticity. The between them 


that in the laminar flow the vorticity is distributed regularly according to the _ 


4 are of much smaller scale than the main flow pattern. “High « concentrations of : 
i appear to be characteristic for a vigorous, fresh turbulence. Thereis _ 
i no mechanism in a turbulent flow that explains the origin of these high con- 
centrations of vorticity in the fluid better than the proposed model of a period- 
a explicit. expressions will be given herein for the vorticity | distribution _ 
that “periodically originates the boundary to become part of the main 
turbulence at the end of each period, T. The distribution of vorticity at _ 
T may be determined from the equations of the f the sublayer, and this distribution 
is pr probably not much changed during the process of disintegration of the sub- 
 dayer. _ This qualitative examination may be sufficient until more data exist to — 
prove ‘or disprove t the validity of the proposed mathematical description of the 
Possible Improvements of the Solution.—The given solution is believed to be 
qualitatively correct ; followi lowing among others, 
-It has been ‘that the of a constant velocity in the 
turbulent flow adjacent to the ‘sublayer | is artificial and has been introduced 
2. It was assumed that the entire sublayer becomes part of the turbulent 
fi flow . Itis is possible that only the outer part of of the ‘sublayer: becomes panties 
and that an inner part of the sublayer remains alwa: ays at the boundary. ba Even 
if this steady part of the sublayer is very thin, it would change materially — 


- a. main flow pattern, whereas the distribution in turbulence i is in patterns that 


constants computed for 57*, 7, and the other variables, | 
It is” possible that the -one- -dimensional description of the -sublayer 


occur simultaneously over large areas of the boundary. is conceivable 


that the process a actually changes phase over the various plata of the boundary 
like a wave motion, resulting in different solutions, 


Be, 4. It is desirable that a description be found for the disintegration Process — 


Bp ecisptosmmees time may be involved to change materially the time-average ‘a 
values of average velocity, velocity fluctuation, and period 
An intense qualitative and ‘quantitative of the as well as 


It was observed ‘that dye and were betw een 
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No reasonable explanation can be given for the creation of new turbulence 
and for the transmission of shear from a quasi-steady sublayer to the turbulent 
flow. The periodically growing and disintegrating sublayer pattern is proposed 
instead, which explains all these facts satisfactorily. 


VISCOUS SUBLAYER 
‘k __It was assumed that the period of disintegration is negligibly ‘short | -com- 
led with the growing period ; average values for the entire period were deed 
from a simplified description of the growing period only, 
‘The’ most objectionable assumption made for mathematical | reasons was” 
“that of constant flow velocity in the turbulent flow outside the sublayer. a It 
was shown that the deviations of observed patterns from the prediction of the - : 
theory ¢ can be explained qualitatively by this assumption. = 
No qualitative contradiction has been found to date (1957) between the 
proposed theory of the sublayer and flow observations. 


‘The on this problem was initially made possible by a the 

Research Corporation, New ‘York, The later of the 

and theoretical wor 


Experimental Procedure Used in the Determénation of Local Wall Pressures: — 
q “After the was conceived i in 1953. a was for various pressure- 
4 o record continu- 
ously the instantaneous ‘preasiite its fluctuations as they apply to a 
: part of t the boundary surface of a turbulent flow. a An 1 appraisal was made of the. 
’ frequencies that were expected to occur in the problem, of the ‘magnitude of the - 
_ amplitudes of the fluctuations, and of the area expected to show predominately | 
equal pressure. — On the basis of w ater flowing at Reynolds numbers of from 
4 approximately 104 to 10°, the following specifications were drafted for the 


_ Frequency t response. . to 5,000 ceycles p per ‘second 

Ga 


_ Pressure sensitivity . + 0.001 pound per square | a 
Maximum pressure 1 pound ‘Per square inch 


Area covered by the sensitive element. .. — foot i in diameter 


x No commercial instrument could be found that satisfied these aes condi- 


9 the sitlananed conditions were too stringent or that the instrument could be ; 

improved later to adapt it to the particular purpose. 

Wi A Rutishauser transducer was used, which utilizes a membrane with a ili be 
4 diameter of 0.0156 ft, has a frequency response of as much as 10,600 cycles pr * 

P sec, & normal sensitivity of 0.01 lb per sq in., and a maximum pressure of 1 lb per er oT. 

sq in. with a 0.001-in.-thick diaphragm. The membrane, together with an N 


electrode that is 0.0016 in. be hind it , Tepresents: a condenser this 
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L_ diaphragm. This electric signal was | 
proportional to the original 


amplified and recorded, or its value i is Details of 
the electronic system are available in a report by the junior writer.° 
as With this type of instrument it was possible to adjust the useful ranges. 


_ If the sensitivity was to be increased, for nakenet,) it was done by mpaing 


80 reduces the froquensy response that sensitivity: can be gained by intended’ +" 
_ amplification until the unavoidable tube noises become excessive. The area 
of measurement can be reduced by mounting the diaphragm inside a cavity, — on : 
y _ which, itself, is connected with the free flow by a small opening. Again the 
,. reduction of measuring area is traded for frequency response, which is dras- 
tically: reduced cavity. An explanation” of the theory of the cavity 
- An important and time-consuming phase of the experimental work was the 
calibration of the pressure indicator and its complex electronic amplifying and fear, 
recording system. | This calibration could not be made with one piece of an 
Pe equipment for the entire range but was divided into independent stages: i ied ot 
static calibration was made | by direct. comparison with manometer 
= te . readings using DC amplifiers. Only limited sensitivity could be reached with ad 
* _ this m method because of the difficulty of stabilizing high-gain, DC amplifiers. ie 
low-frequency calibration was made by using a mechanically driven 
exeenter, which periodically compressed the air enclosed in a Fre- 
; q quencies of of as much as 160 cycles per sec could be reached with this instrument, 
hich automatically governed the amplitude independent of the frequency. 7a 
_ 3, A high-frequency vibrator was used for frequencies between 130 cycles. 
; per sec and 6,000 cycles per sec. . This system consisted of a loud speaker — 
driving various resonance tubes, ‘in the bottom of the pressure heads’ 


The calibration procedure became ‘complicated ‘not only b because different: 
instruments were used, but also because the third method does not permit an 
abeoiute calibration but only a relative comparison of various instruments. ae 

The calibration « of the transducers with the membranes directly exposed | 
air was performed. first. first two vo methods, which permit an absolute 

a _ calibration, showed that both pressure heads with all available diaphragms 


gave a response to: the frequency of 160 


_ from the straight calibration were to occur in the range of frequencies cee 
160 cycles per sec and the frequencies where resonance begins to affect i 
-_ ¢alibration, such a deviation would change with the instrument and = 
By — the thickness of the membrane. The calibration was expected to be still E 
ee _ straight for both instruments as long as their signal was the same as for a 
- given signal in the resonance tube. With this method the instruments were 
- 7 . _ shown to have a straight frequency response of as much as 2,000 cycles per sec 
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the Measurement of Pressure Fluctuations at a Smooth Boundary of an Incompressible Tur- __ 
a,  ‘bulent Flow,” by Huon Li, Report Series No. 65, Issue No. 1, prepared by the Inst. of Eng. Research, _ 3 if 


liquid with opening to n fluid which the p pressures “were 
measured, thus reducing the area over which the pressure is averaged. The — 
a drastic reduction of the frequency response that the theory of the z: 
_ s cavity predicts” was actually found to occur by this measurement. Table 2 
_ gives the frequency response for various geometries of the cavity. — ara ro Sa 
Experiments——When the previously enumerated values for the qualifi-— 
fications of the measuring device were compared with the values for — 
opening of the measuring cavity the frequency response was reduced consider- 
i ably for a significant part of the active spectrum, and (2) the sensitivity ofthe — 
device was barely sufficient to separate the expected signal from unavoidable 
‘These conditions appeared to prove that the chosen instrument was un- 
: satisfactory. Before the entire approach was | changed it was decided to try 
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Natural Linearity Diameter | th 
frequency | lin frequency 
in air,in | measur cavity, water, In 


in ine es | cycles per 
3 ae 1,190 = 


0.004 


at least certain partial problems, or to investigate certain ranges of conditions , ; 
using the available instruments. Thus, it was asked, , under what conditions __ 
is the large-scale turbulence pattern near the wall combined with low fre- 7 
quencies and high-pressure scales? The only possible answer was under 
BP aerya of flow with a low Reynolds : number and high viscosity—that i is, a in 
flow of a highly viscous fluid. After previous us attempts had already shown that 
it was difficult for closed- -pipe systems to be free from pressure waves, which 
constantly travel through the system and distort the pressure records, it was aa ae 
_ decided to construct an open channel flume, circulating a flow of oil at high an 
but having a moderate Reynolds number, = 
‘The flume, with a rectangular cross section having a clear width of 11.5 in. 
a depth of 8 in., was constructed of wood supported by 
_ The oil dropped from the flume into a reservoir, from which it was pumped 


by an an electrically driven | driven centrifugal: pump through a 10-in. up- 
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| oo | | 10600 | 3,500 
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12 VISCOUS SUBLAYER 
stream end of the flume. The discharge was adjusted by bypassing | part the 
= discharge directly into the reservoir. a One of the most important features of : 
the system was the complete mechanical separation of the flume itself from the — 
_ pump and the return pipe in order to keep all vibrations away from the flume — 
q and the pressure-recording instrument, which is very sensitive to vibrations of 
- any kind. . The discharge wv was measured at a contraction of the return pipe, — 
and the oil depth in the flume was measured by point gages. A continuous 
record was kept of the oil temperature, from which the viscosity could be 
determined after a set of viscosimeter tests had determined the viscosity- 
A temperature relationship for the o oil. For ‘engineers accustomed to _ working fa 
7 1d with water flows the resulting flow was rather odd. With respect to turbulence, _ 
7 the flows were near critical, or were changing from 1 laminar through critical — 
to turbulent. depth « of flow was approximately 2 in., and the velocities 
: ranged from 6 ft per sec to 7 ft persec. Thus, the oil flowed with —— 
‘significantly higher than wave velocity—that i is, a laminar shooting flow was 
_ This experimental arrangement had another great advantage. ne laminar 
flow v was first established with velocities close to The pressure-record- 


was generated by the pump and pipe flow and by leg unrelated activities — 
inthe neighborhood. The flow was then slightly increased, causing turbulence 
_ to be generated, and the record continued while the flow y measurements were 
made. It could be observed that the pressure records showed fluctuations due 
to turbulence of a larger order of magnitude than the general noise lev = 


_ Experimental Conditions for the Flow (Fig. 5).—Th The following flow condi 


Discharge (a), in cubic feet per second. . 0. 865 


Viscosity of oil (u), in pound-scconda/fect*...... 1.23 X 
Density of fluid (p), in slugs per cubic feet... 


Kinematic viscosity (v), in square feet per second. es 
thus, shear Fo, Was 0. 313 lb ‘per sq The value of 
0.180 sq f ft per sec?, and the shear velocity, us was 0. 423 ft persec. 
thickness of the viscous sublayer, conventionally defined as = 11.6 v/ Uy, 
‘The period of ‘sublayer growth and separation frequency for rerertes values 
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Because the flow could not be practicably for it was decided 
to record the pressure continuously for several minutes and to postpone the i 
a analysis of the record, — A block diagram of the experimental equipment is 


_ A Tektronix low-level preamplifier (type 122), which amplifies the discrimi- 
_ nator voltage, has a noise level of as low as from 1 microvolt to 4 ‘microvolts 
expressed as the input signal. The preamplifier has a maximum gain of 


Rutishauser indicator ti preamplifier analyzer 
pickup (type 122) 


= 


icku 
_Fia. 7.—Biock DiacraM or EQuipMENT USED FOR MEASURING = 
PressuRE FLuctTuaTION BETWEEN Two Points 


approximately 1 000, and the frequency-response curve is essentially flat 
The output signal of the e preamplifier was further amplified in a Brush. 
universal analyzer and recorded by a Brush magnetic oscillograph (BL-202). 
‘The Brush universal analyzer i is a DC amplifier a and ig, a frequency response — 
2 that is flat from 0 cycles per sec 
_ signals a DuMont cathode-ray oscillograph (type 304- a was used to replace the 
Brush universal in connection with a oscillograph- 
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-SILBERMAN ON viscous SUBLAYER 


SinBeRMAN," A. M. ASCE. —The hypothesis of a periodic viscous 
gublayer in turbulent boundary-layer flow i is an intriguing one. However, it 
would be desirable to have better experimental evidence of its existence than 
has been offered in the paper. A possible experiment for direct visual ob- 
servation of periodicity will be described subsequently, 
First, the writer suggests a modification in the theoretical development | 
beginning with the section, | “The Proposed Model: Thickness Scale of the 
_Sublayer.” Instead of using displacement thickness, let the edge of the sub- 
layer be given by z2=6 when = 0.99. Then, usir using Eqs. 3 and 4, 


ae 


(The choice of u/U. = 0.99 is arbitrary; if = 0.995 had been 
used, the coefficient in Eq. 30 would be 3.98 instead of 3.64.) Let the critical 


Reynolds sumber for instability, to Eq. 15, be 


in which a constant for boundary-layer: flow. 


Eq. 16 is the equation velocity distribution, which 


This equation was determined empirically from the completely turbulent part — 
4 > of the flow near a smooth wall and is apparently universally applicable to all —__ 
smooth pipes, channels, and flat plates | (with some room for argument about 
the exact values of the numerical constants). hen z = =6 r, then 2u,/v = 
a and u = 0.99 U.. Inserting these values in Eq. 32 and combining with Eq. 31, 
Pa) ” C’ = 66 and U./u, = 16.1 (H. . Schlichting” gives C’ = 70 from an inspection — a 
The foregoing argument arrives at essentially the of 
j found by the authors, assuming that 6 = 357%, , but there i is little question as 
what thickness definition to use for the sublayer. If - 0.995 had 
on been used, C’ = 73 and U./u, = 16.25 would have resulted. ot, 
Another conclusion can be from the foregoing development: 
boundary-layer flow in which 5 u,/v < 66 can be turbulent. This hin 2 


Associate Prof., St. Anthony Falls Hydr. Lab., Univ. of Minnesota, Minneapolis, Minn. 
‘Momentary Mechanics of ‘Fluids,’ by ‘i. Reus, John Wiley & ‘Sons, Inc Inc., New York, N. Y., 1946, 

‘Boundary La Theory,” H. MeGraw-Hill | Book Co., » Ne York, 

1955, p. 407. 
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has haw in the minimum Reynolds numbe = 
3 for transition in flow in ducts or channels with smooth boundaries, but it will aa 

_ not be developed further herein. Using this criterion, it is possible to describe - 


- flow in which the periodic vineoun sublayer, if it exists, should be clearly 


4 Such an experiment. would be performed on a fully developed turbulent 


“flow i in the vertex 0 of a V-shaped channel or pipe with a small included angle. 


" siderable depth from the vertex is reached, and the viscous sublayer should — 
be sts stretched to finite dimensions. . Some “Measurements with air flowing 
ina 1 pipe of this | shape with an included angle of 12° were described by E. 
_ R. G. Eckert and T. F. Irvine, who found a very deep laminar flow region 
and beyond that another relatively deep region with some indication of inter 
- mittent turbulence. However, no tests for periodicity i in the flow were made, 
and periodicity was not observed. These experiments, or similar experiments 
with dye streams in li liquid, should be Tepeated with the objective of seeking 
periodicity. In such ‘experiments dye would have to be introduced through i 
wall taps in order to avoid disturbing the stream. It is suggested that ina 
- channel with a small vertex. angle at the ‘bottom, dyes of variable density 
slightly less than that of the flowing fluid could be introduced at the vertex 7 
so that the dye streams would rise by buoyancy into the supposedly periodic — 
‘The third assumption in the of the theory—that there is 
simultaneous growth of the sublayer over a large area of the beendann-tien. 
ted the authors to expect the period in the pressure autocorrelation at a point — 
to be the same as the computed period of the sublayer. — It is more reasonable 
4 to expect the instability of the sublayer to be a function of both time and space, » 


as was found by G. B. Schubauer and P. 8. Klebanoff'® for the laminar oe, 


layer i in their investigation of transition. Under these | circumstances, in their 
_ experiments the authors should have obtained pressure correlations from — 
two points of variable separation along the stream direction, and should have ~ 


looked for peaks in . the correlation curve at intervals of K U.T , in which 
. K U, < U, and represents the average rate of motion of the nesiadin part of — 


the sublayer. The third assumption is still necessary a and acceptable in ‘the: 


bay! Nicots N. AMBRASEYS,* J ASCE. —Although the writer does mot 


eh. lisagree with the « contentions of the a authors, it is felt that | the « ‘enpeciments 
might have allowed for the 1 treatment of some characteristics of 


the hypothesis presented by the obtained from similar 


experimental studies on the nonisotropic fi flow ‘near a walk 


“Simultaneous Turbulent and Laminar Flow in Ducts with Non- Circular Cross | Sections,” by 
E. R. G. Eckert and T. F. Irvine, Journal of the Aeronautical Sciences, January, 1955, pp. 65-66. 
18 “Contributions on the Mechanics of Boundary-Lay er Transition,” by G. B. Schubauer and P. 
Klebanoff, Technical Note No. 8489, National Yommittee ‘Aeronautics, D. 
September, 1955, p. 31. 


16 Asst. Prof. of Fluid National Technical Univ., Athens, Greece. 
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EINSTEIN-LI ON VISCOUS SUBLAYER q ; 


— 


ults'”. obtained by the writer 


. The thickness of the sublayer, which is defined as ; the ‘thickness of ie 2 


a zone within which the velocity distribution doe: does not obey von Karman’ s law, 
~ extended to a dimensionless distance from the w wall, ‘equal to from 26.6 to 30. x 
according to the assigned values for the universal coefficients, k and 8 (k varying 
0.33 to 0.4 and 8, from 0. lll to 0. 113). 
2. Seales and microscales of turbulence exhibited a strong dependence « on a 
the local mean velocity within the sublayer, 


per 3. Part of the energy produced within the sublayer by the pressure drop Be 


and converted into turbulent energy was influenced by basic flow characteristics 
but mainly by the amount of mean velocity available. Therefore, length — 
_ seales in the sublayer are not position functions but depend greatly on the _ ;. 
local mean values of the velocity. . This proves that actually the hypothesis a 
of “ mixing iength” does not apply for the quasi- -turbulent region near the wall. 
ae A simple expression was found to connect turbulent shear and local | 
elocity for values of the dimensionless distance less than a. and a 


new universal constant was ‘defined. 


‘The writer would like to learn Whether ti the authors have observed any 
Bove scenery of the turbulent shear on the mean velocity, a point of vital 
interest in its bearing on the time-average ges of mean velocities 
‘Hans A. . ASCE, anp Huon Le. Silberman 
_ Ambrasey: s have made it c ‘lear that the problem is difficult to handle both experi- 
mentally and theoretically. The experimental difficulty is caused 
nantly by the turbulence outside the sublayer, which moves past any place of 
d observation at high velocity and causes pressure fluctuations of f equal magni-— 
; 4 tude but with higher frequency than those e developed in the sublayer itself. 
_ The theoretical difficulty is caused by the fact that the sublayer should con-— 
stitute a transition between the still boundary and the turbulent velocity pro- . 
files, whereas a mathematical solution for the transition could be found only 
between the still boundary and a uniform flow of constant velocity. A 


—aeee was no disagreement with the main ee of tl the paper: (1) ° That the 


areas of charac eter turbulent effects may be 
7 «4 (built-up phases) ; and (3) that in areas ; of turbulent character the viscous effects | 
‘o are negligible (mixing with main flow). These two ideas appear to be basic — 


i haven new, and may prove helpful in describing similar phenomena. = st 


Mr. Silberman proposes the use of another definition for the effective sublayer 
4 uae which is allowable because the choice is completely arbitrary. The | 


Vol. 4, 1955, pp. (III-7)—(1II-8). 


Prof. of Hydr. Eng., Univ. of California, Be: Calif, fon 
20 Engr., om Associates, Pasadena, ‘om b. 
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stamens a distinctly laminar | flow pattern. exfate’'s near the walls whereas at some 
other instances turbulence appears to reach all the way to the wall. i 
processes are too fast for visual observ atio but show up) well i in n high-speed 

Mr. Ambraseys’ ‘observations of the statistic al flow described i in . the range of 

the sublayer are interesting. Unfortunately, no observations are available 

_ from the experiments that would permit a check of his results. es asbalivutrel, 

discussers’ helpful suggestions have been appreciated, it is hoped 
that more measurements may become available soon that will permit ar more _ 

detailed description of the of the sublayer with the e help o of the proposed theory. hee. 
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MOMENT. DISTRIBUTION CONSTANTS FROM | 


OTAKAR ONDRA,? A. M. 

Wire Discussion By Messrs. Joun C. -Morpay; Tuomas D. Fox; 


CAIN AND AND Geratp [ Luck; AND OTAKAR ONDRA at 
An experimental method of determining 
r stants for beams: with variable moments of inertia is presented. The method — 
— does not rely on the use of deformeter-type gages or other special instru- 
ments. It is based on the concept of a three-dimensional solid whose prop- 


erties are functions of the loads, slopes, deflections of the statically 
indeterminate member which it re resents. ‘It is shown that pars as 
p 


of the center of of the solid. This ie evaluated experimentally 
weighing the solid and by using the | principles of statics. Mathematical inte- a 
gration or the approximate summation process are replaced by weighing, which 
offers simpler computations more reliable results in comparison with stand-_ 
ard methods of analysis. The method can be applied readily to the determina- — Z 
tion of the moment-distribution constants of arches with nnoecaee or se 


Once the moment-distribution constants are known, the moments can m 
applying the method of analysis to a given 
_ several factors or constants must be d determined before the process of | Sassi : 
_ moments can be performed. In general these constants include the fixed- end 
- moments due to loads; carry-over, stiffness, and distribution factors; shear 
% stiffness ; thrust stiffness ; and Rexibility. _ In the case of beams with a constant a 


Nore. —Published, essentially as printed here, i in . September, 1956, in the Journal of the ae 
_ Division, as Proceedings Paper 1058. Positions and titles oun are those in effect when the — or 
discussion was approved for publication in Transactions. vr wr 


1 Prof. of Civ. Eng., Manhattan College, New York, N. Y. 
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‘moment of the determination of the required factors presents no diffi- 
r culties inasmuch as they are simple functions of such properties as the span, the | 
- moment of inertia, and the modulus of elasticity of the member. — eee wie 
For beams with variable moments of inertia and arches of sateen constant i 
Se moment of inertia, the determination of the moment-distribution ay 


constants is difficult. This is especially true of arches i in which com- 


for mathematical integration. ~ Although the work is simplified, the necessary 
‘tabular computations are cumbersome and time consuming. by Moreover, ‘the 
various methods of analysis are closely related to each other, so that it i is gener-— 


the general methods of determining moment-distribution constants developed 
by teed J. Eney, M. ASCE, constitute a noteworthy simplification of the 
on 


‘The method of structural-model analysis introduced? by G. E. ~~ and 


a. The M ethod.— —It will be Pre subsequently that the moment-distribution — 
_ constants for members with constant or variable moments of inertia exhibit a , e 
“common parameter, J /Q, i in which J and Q are the second and first moments, a 
4 respectively, of the integral, A= Y ds/E I, in . which ds is an infinitesimal ele- ef 
- ment of length measured along 1 the longitudinal axis of the member; EF denotes _ 
the modulus of elasticity ; I is the moment of iudine and the product, E I, is is 
— It will be remembered that in hydrostatics a ratio analogous to J/Q defines | 


: the location of the center of pressure on a submerged plane surface exposed » to 
hydrostatic pressure of the liquid above it. Because the. hydrostatic pressure 
increases linearly with the depth of submersion, the relationship between the — 
_ resultant hydrostatic pressure and the ‘size and configuration of the submerged — 
surface area may be represented by a wedge-shaped “ pressure ire solid” | whose base © 
is the area under consideration and whose altitude varies linearly. _ | ee ee: 
pressure solid analogous to a three-dimensional conjugate ‘beam, 
hae analogy, although not essential in dev eloping the principle of the experi- 
- mental method, is noted because it helps in visualizing and appraising the sail a 
effect of a varying moment of inertia on the moment-distribution constants. 


 Carry-Over Factor. “By definition the carry-over f factor of a flexural 


Ss simply supported at a and fixed at bi is subjected toa moment, Ma, at a, ; 
‘causing a moment, Ce Ma, at b, in which Cup is the « carry-over factor from a to b. a 
In Fig. 1(6), the beam is simply supported at a and b. An arbitrary mo- a 

ment, Mg, is applied at a, causing end rotations 0, and & as shown. —  InFig, 


-1(c), an additional moment load, Mz, i is applied at b, inducing rotations op and ie 


* Accurate Solution of Indeterminate Structures by Use of Paper Models 


and Gages,”’ by G. E. Beggs, Proceedings, A February, 1922, pp. 58-78. 
“Fixed-End Moments by Cardboard Models,” by Ww. J. Engineering News-Record, December 
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at ends b and ¢ a. If the 1 M, that so that 


Ty 


net rotation at b cmuuel by M, and M, is zero, then the total work done by — 
moments M, and M, applied in the onder 
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CONSTANTS 


If the ‘order of paris n of t the moment loads, M, and Mz, i is reversed, the 

work done by My and M, is — 
We = = +4 Mae — Made ‘ 


Because the beam is in the condition for either sequence of 
the work done j is the same in both eases. Therefore, 

Me 

The any ‘rotation at b that would be induced by the 
_ moment, Mg, applied at a, and is, in effect, the fixed-end moment at b. © There- 


fore, the ratio of the two moments is factor from a to tob, 


Ms 


it may be c from the definition of ba, 


if an arbitrary moment, M,, is applied at b (Fig. 1(d)) the ratio, ¢a/¢s, is the 
carry-over ‘factor from | a to *: ‘The e magnitude of M is not important inas- 


eau Rotations oa and dy correspond to shears: at a vera b in the conjugate beam 
4 caused the (M/E I)-diagram being used as a load. The total load, 


is conceiv ofa as a tw solid whose altitudes va vary linearly with z— 


that i is, M = My z—and whose base has widths equal to. the me! /El I i values. 


z Fig 1(e) isa pictorial view of the solid, and Fig 1 wi is its tsclevation. This s solid 


“Its reactions, Re and are datarinined. and their ratio is the e: he carry ~over 


_ The resultant load, W, passes through the point, Pp, which i is referred to as 
- the center of pressure and i is located at a distance, Le, from a, ‘as shown in Fig. >. 


Taking the sum of the moments about p, 
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T-DISTRIBUTION CONSTANTS 
Lo 
oe 1 L) 
+ ieee the m meena of WwW about a a to the sete of the moments. of ele- 


EI)? dx (9) 


gat (10) 


— 


and this in Eq. 10 8, ‘ty 6 
pa Ca = (2. 
Significantly, the parameter, = Q/J, appears in of the 


tribution constants, as will be shown subsequently, = 


‘Stiffness Factor—The stiffness factor at the simply supported end of a 
fe flexural member is defined as the moment required to rotate that end through — 
unit angle while the other end is held fixed. In Fig. 2(a), M, is the stiffness — 
at a when 9, is a unit angle in radian 
The bending-moment diagram, M = : M’ - M", for the in 
shown i in The load on the conjugate beam, a’ ‘b’ vis. 


a ‘Taking eins sum watt the moments about b’ in Fig. | 2(b) yields Jee 


=0., 
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MOMENT-DISTRIBUTION CONSTANTS | 


XX 
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all 


‘Fie, Sxerce FOR DETERMINATION oF STIFFNESS Factor 


4 Substituting for M' ‘and M” ’, simplifying, and d introducing the notation of Eqs. 


If the moment of inertia is constant, Kq. 14 yields | : 


— 888 
_ 

— 
— 
| | 
iim 
be 
— 
— 
Modified Stiffness Factor.—This factor is the moment that must be appled — 
) at the end of a simply supported beam to rotate that end through a unit angle. a: a 
‘el = In Fig. 1(d), My is the modified stiffness factor, S,’, at b when ¢, is a unit angle. aa i : 


(c) 


wee 


* 


‘Taking the sum of the moments about a in Fig. 1(f) yields © cis 
Maen 


L =0 
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MOMENT-DISTRIBUTION CONSTANTS 


‘the a a constant moment of wean 


Relationship B Between the Stiffness Factor and the Pressure Solid. —Fig. 3(a) 
PO xsi a deepened beam, for which stiffness factors should be found. ‘Figs. 
3(b) and 3(c) show the beam supported in a manner consistent with the defini- — 
‘Fig. 3(d) is ; an oblique v view of a prismatic solid, abb’a ’, whose base has a . 
ee: equal to the span, L, of the beam and widths proportional to its (1/E I)- 
-. values. The solid 1 is is cut t diagonally along the e plane, ab’ b’. The lower half of 7 
upper half, which i is 
3 volumetrically not ani to the lower half, is shown as a dashed line. 
7 Pe . If the lower half of the original solid is simply supported along edges aa and 1 
= bb, the reactions are R, and Re, and their sum is the weight, W (Fig. 3(e)). 7 
a4 Force W passes through the center of gravity of the half-solid and also through | 
_ the center of pressures in its base, located at a distance, zp, to the right of a. 
An analogous notation, Re, », Ry, is applied to the ‘upper half of the 


The stiffness factor, So, given by 14 may be enpramed as 


hich, upon simplification, yields 


=. - ae 


inw hich 2 z- is the distance of the. centroid of the base, abba, of the solid, Ltn 
toaa. It is found by applying the of moments to Fig. 3(e) that 


in which P is the sum of f the four reactions, Re, Rs, Ra’, and Ry. F Substituting 
value for x, and a value for zp from Eq. 8, Ea. 19b becomes 


Sa = 
[Rs P= (Re + Ry) WI A (Re 
A (R. a’ 
ts 
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modified stifiness factor given by Ea. 17 is. a 


= 


"Substituting Zp and Ley Eq. 22 becomes 


aR (R vy 


(ans Eqs. 21 and 23 express the oilfneen factors sand the modified stiff ness s factors 
in 
= 
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carry- over factors and oe al 


Example 1, Deepened Beam.—The subsequent data were obtained hen weigh- By 
ing the reactions of the two half-solids shown in Fig. 4(b). of 


Beams Fired at Far End. use of 6, alt le On 


The use of Eq. 21a results \ 


(653). 


‘how to ody [ (240) (318) - ind - (97) (335)) m ain) 

Eq. 21b yields ai a ot sd | 


Beams Simply Supported at Eq. 235 results 


— 

ring to Eq. 6 it will be remembered that the carry 
tions of the four reactions. The determination of 
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and Eq. 23a yields odd godt ej Ji spat of 


The stiffness factors are relative because relative (1/E I)-values were 
in the ‘computation. To distribute an unbalanced moment among the mem- 
a Ma bers framed into a joint, relative-stiffness factors may be used providing that a 
the widths, (1/E T)-values, , of the ‘Tespective : solids are based on the same scale. 
" If it is impracticable to use the same scale, or if absolute stiffness factors are 
required, an adjustment of the scalesis necessary. = 
In general, if the model represents the prototype to the lineal scale of 1 in. 
m-in. of prototype and if the transverse (1/E I)-scale is 1 i in. =n —1/pound- 
inches, the absolute stiffness factor the from Eq. 196 
baa 
Rigi ; 


hich results in 4 


Sprototype = 
coms 


_ as shown prev touty, ‘the prototype stiffness s factor i is expressed in pound-i inches. 
_ Making and wth ries the Model. —It i is simple to make a model—that i is, a | 


“seasoned. wood that is reasonably free of defects is equally suitable. The 
3 material should be uniformly dry to avoid a variation in its specific weight and 
: to prevent warping when it | is cut. - Plaster of paris, paraffin, and other ma- 
terials: that can be molded or easily ode: also bowed. 
os _ The composite specimen, abb’a’, was assembled by lightly gluing onto a 
wai block of red oak (12 in. long, 3. 9i in. deep, and 0. 9i in. thick) two pieces 


of the same thickness and depth and L/6 = = 2i in. and L/3 = =4 in. long, respec- — 


tively. Next, the composite block was cut diagonally from a to b’ Bt a ne 

One reaction at a time was weighed, while the other support was provided 
by a block of wood of suitable height. A carpenter's level was used to check 
- horizontal alinement of the scale platform and the supporting block at the 


other end The entire required only a minutes. 


the were found by w the solids. If 
_ appeared between the weight of the solid and the sum of its reactions, the weigh- 


ing of the reactions was repeated until a reasonably close agreement was aie 
values of four Cay Cray 8 8 and may be 
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MOMENT-DISTRIBUTION CONSTANTS 


| @h In Fig. 5(a) the moment required to cause a unit rotation at 2 a while end b 
is held fixed is Mg = Sa. The fixed-end moment at b is Cw Sa. Similarly, in 


. Fig. 5(b) moment M, = Spc causes a unit rotation at b and mobicnt Cra Sp, at a. 


j Applying the Maxwell- Mohr reciprocal theorem‘ to the equilibrated moment- _ 
‘systems in Figs. 5 5(a) and and 5(b) and rotations in Figs. 5(b) and ‘5(@), it a 

‘ + Cn Sa = Cra Ss (Ba) + (6s)... 
Substituting for end rotations, 
() = Sp (1) + 85 (0)... 
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which 


by means of Eq. 26. the method and the necessary 
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Subatating in Eq. 26 for three of the factors determined in example 1 ke leads ay 


*“Statically Inde terminate Structures,” 
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_ _ beam with fixed ends carrying a single unit load at point k. arm is desired to % 


a 


» 


- adhe By the column-analogy method of analysis, 
—" 
which A is area defined z- denotes the distance to the cen- 
“i troidal axis, cc, of area A measured from a; e is the eccentricity of the centroid 4 .- 


of volume V referred to axis the moment of a 


which is the volume of in Fie. 6. the 


(29) 


5 “Theory of Modern Steel pee L. E. The Co., New York, Vol. 


differs from the experime 
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wer 


Substituting ! for Je in Eq. 27a and V/A, the fixed-end moment at a 


__ Distances x, and a, have been encountered in the expression for the stiffness a”: 

factor in Eq. 19. Quantities V and e may be determined experimentally by 
— the solid shown i in Fig. 6(0). The altitudes represent the oa 


io 


re solid. To avoid with the pressure solid utilized in the « deter- 
- mination of the carry-over and stiffness factors, this solid will be referred to iad a oe. 


Pies The volume, V, of the load solid is best determined by dividing its weight, 


Wi, by the specific weight, w, of > material of which itis made. 


load applied at k at any dis- 


M=@ 
= the altitudes of 
load solid in Fig. 6(b) represent 
the moments of the load, the 
slope. of the upper: ‘surface 
the solid is dM/dxe =1. Ifa 
load, P, acts at point k, the ia. Surrontep “Loap Soup” 
_ It may be impracticable to cut the solid at an angle sceeibiinaiien to the 
a “te oad, P. If the slope is arbitrarily made equal to tan a, the volume determined 
4 by weighing must be multiplied by the salle, P/tan a, when substituted into 
The ape rey é, is determined by simply supporting the load solid along its 
edges, k < and b, and by weighing the reaction, ps, at b, as illustrated i in ™ oa 
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3 hich, when rearranged, results i in 
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necessity of a knife-edged atc 


more difficult because of the prolonged of the 
os Three solids are required for the experimental evaluation of Eqs. 33 and 34. + 
‘The first solid needed to find z, has a span equal, or proportional, to the span ~ al 


of the fixed-end beam, a base whose widths correspond to its (1/E /) -values, - 


and a constant height. 
The second solid, termed the pressure solid, is required to find by "using 


‘Eq. 8. It is 5 obtained from the first solid by cutting the first solid diagonally - 
along the plane, ab’. The third solid, termed the load solid, which is required 
for t the evaluation of e, is obtained from the he second solid by cutting it 


“may be readily found by dividing the weight of the initial solid (prismatic solid — 
constant height) by bs altitude, bb’, and the ‘specific weight, w, of the 


a single solid of constant height, when cut in the proper se- 


ae quence, will suffice for an experimental evaluation of both the carry-over factors 
and stiffness factors and the fixed-end moments for a beam. 


_ Example 2, Deepened Beam.—Fig. 8 (a) shows a deepened beam at both 


‘ihn _ The fixed-end moment at a will be determined for | load P, oe a 


shown. The data were obtained by 


: The following htinematiaint: concerns a wooden specimen, from which the Toad 


in. by 1.690 i in. by 528 i in. bos 

“Volume. Sot, 4.315 cu in. = tee, B. is whleh 


Specific weight, w, is w = = = 40. 5/4. 315 = 9.37 g per cu in. From 
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= sq in 


The: volume may be determined by 


Ws _ 3615 365 


we 
Eq. 36b lea leads 
_ 251 (0.75 L) — 361.5 (0.588 L ~ 0.25 


4 
— 
— | 


93.7 \° 0717 L — 0.588 L 435 Pee suk 


In terms of any span, L, the fixed-end moment ata be haw ai 


Fixed-End M Uniformly Distributed Load.— —By the column- anslogy 


method, in Fig. 9 the fixed-end! moment at a, due to the distributed load of unit 


= 


% 


— 


ator 


as ah, 


Fie. 10.—BEam SIMPLY SupPoRTED AT ONE AND FIXED AT THE OTHER EnpD, 4, 
ERATED Loap; DETERMINATION OF FixED-END MomMENT net To 


per unit of length, ‘can be determined from Eq. 33, 
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i 


is the volume of the solid in Fg 9(c). rom k to ki, the altitudes" 


| From kit to b, the variation i is linear. 


. The first of the two definite integrals in Eq. 37 37 may be ee written i in on he-enrel 
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MOMENT-DISTRIBUTIO? 
a. which may rbe interpreted as the volume of a solid whose base has w a “ ay 
the (z/2 E I)-values and whose altitudes vary linearly with z. 
: _ the curved surface, Icky’ , becomes plane, although it is not continuous with the 
plane surface, ky’b’. if this alternate solid is used, the determination of the _ 
carry-over factor and stiffness factor, as well as the quantities, A, 2%, Zp, and J,, 
in Eqs. 33 and 34, involves a separate solid because the latter must have widths ' 
_ Proportional to the (1/E I)-values throughout its entire length. 
F ized-End Moment, Beam Fixed at One ‘End and Simply | Supported at the 


‘cause simple support or hinge has zero stiffness T)-value), in the column 
/ = analogy method of analysis it adds an infinite area, dz/E I, to the column sec- oe 
ata. Asa result, the centroid area A shifts to a. 


4 


= — Py (7.88) + 1.05 Py 
C99) + (0.588 L) L) ~~ 
In terms of any span length, this mol 


Influence Lines ‘Fized- End Moments. —The influence-line values for 


Load’ to a series of load points, k. Starting from on one end, a new load ‘solid 
is cut off from the preceding one; its weight, Wi, and reaction, p», are deter- 
mined ; and the fixed-end moments are evaluated. ” This i is repeated fora suffici- 


7 A alternate method based on the neutral-point and conjugate-beam proper- 
q ties’ and utilizing the experimentally det determined quantities, A, Ze, and Ji may A 


Steel Structures,” L. E. Grinter, Macmillan Co., New vem, N. 


Vol. II, 1937, P. 
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Mo oments Caused by I mpressed Distortions. .—The foundations of a structure 
may y settle, spread, or rotate. Furthermore, members framed into a joint may 
shorten or lengthen as a result of a direct stress or temperature change, thereby i - 
— causing the joint to move. These and similar distortions induce moments in — _ 
aes 

the structure in addition to those caused by actual loads. The column-analogy 
method i is the most expedient method for analyzing the effects of such distor- _ 


ail 


Fig. 11(a) corresponds, in the analogy method, to a couple equal to a 


acting about the transverse centroidal axis, ce, of the cross 


“Fie. ‘11.—Fixep-Enp Beam AN ALYSIS, ‘TRANSV 
stresses in the column—that i is, Fook: ie ke Sag. 


‘Using Eq. 29, the expression for may be writtenas 
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"Similarly, the moment induced atbis 

If the member i is symmetrical about the (cc)-axis, the centroidal mar e. fag 


7 The signs of MA and MA on the sense of the 
“=f displacement and the sign convention used. ed. Because they can can be determined 
readily by sketching the distorted member, a rigorous sign convention is not 
a downward displacement is considered negative herein, and it 4 ; 
corresponds to a negative couple (beam-sign convention) acting on the column — 2 
se section. A compressive stress caused by the. couple i is positive and is interpevted 
a8 @ positive moment (beam-sign convention) acting on the member. _ 
Be relative transverse displacement, A, occurs between two ends, on which 
one is fixed and the other simply supported, , the fixed-end moment may be ob- 
tained from the end- moments of the beam with both ends fixed by the method © 


a Joint Rotation —By definition, if moment S, is applied at joint or abutment 7 
‘; a, the far end remaining fixed, the rotation at a is@ = 1. The moment corre-_ 


Sal 


to cause a unit relative transverse displacement of aand b. The flexibility, 


- flexural member, ab, is defined as ; the shear at the ends of ‘the memaber pu a 


yy 
Pai is the reciprocal of shear stifiness—that i is, the relative transverse displace- _ 
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Substituting for the moments from Eqs. 3 and add 
Lp 
1, 
ah 


Ms 


Correlation Between Model and Prototype. —The stiffness factor, ‘Bus in Eqs. — 
43, 48, and 51 is a function of area A as shown in Eq. 19b. Because absolute — 
values of of fixed-end moments caused by known or assumed distortions are gen- — 
erally required, the absolute value of the stiffness factor, a or area A= -f ds/E I GZ 
Te The absolute stiffness factor for the prototype is given by Eq. 24. sing 
the ‘m-scale and n-scale defined under the heading, “Beams: Relationships _ 


Between the Stiffness Factor and the Pressure Solid,”’ the prototype moments 


= (55) 
A (tp — 
nA | 2», and Le are expressed in inches and A is in square inches, M. 


in pound-inches. . From Eq. 
= 0, (Se)modet 
2 When @, is expressed i in radians and (Sa)moae i in 1 ial inches, Ma is a is expressed 
aa Relative values of shear stiffness and flexibility given by Eqs. 51, 53, , and 54 “ 
can be used to distribute shears to the members of a structure analyzed by the ies 
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provided the olde. to ‘dvalunte shear stiffness of the ‘oomponent 


members ar are based on the same scales. this i is not done an adjustment: of 
scales i is necessary, or the absolute shear stiffness must be found. 
The absolute shear stiffness from Eq. 51 is 


\ 


When (S,)mode is expressed in 1 /square inches ar and Te and are in inches, S, is 
of 


expressed i in pounds per inch, 
"Example 3, Deepened Beam.— 


sent the prototype to the lineal ‘aia of 1 in. = 24.5 in., , the cross s section of the = 4 


is 6. 1 in. deep and 6i in. wide at t b, and E is 2 1000, 000 ‘per 


absolute atiffness. factors: (c) fixed-end caused a 


; 


9.8x24.5=240 in. "6.35 in/ 
ALE Fic. 12.—Prorory PE, EXAMPLE 3 4 
A = 0.5 in., at a; (d) fixed-end moments ¢: Ci aused by ise rotation of 02 
Tp)prototype = 2,000,000 X 6 X 6.35* = 2.56 X 10% Ib-in? 


vail 


a 


ye 

> 
= 
— 
| 4 
| 
— 4 
— 
— dl 
j 

| 

} 


MoME 
A 
q 


3.7L — 0.588)] 


‘Therefore, 


From Eq. 


pas 


M. (0.00349 radian) (658,000) = 2 300 Ib-ft) Be 


= (0.804) (2,300) = 906 
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M 4 = 8 (0 7 — 0.588) ] (24.5 a 
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‘Example 3 
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The of ‘analysis. described numeri- 


es cally independent approach to the determination of moment-distribution con- _ 
aes stants. _ Although | the working equations of the method are essentially the came 


those used in purely analytical solutions, tedious mathematical integration 
or the approximate summation process are replaced by weighing. 


load diagram ev evolved in the c column-analogy ‘method of analysis, a 
bg visual interpretation of the effect of the physical characteristics of the mabe 


on the various  moment-distribution constants. The respective solids may be 
a readily sketched, and their properties, such as reactions and location of cen-— 
ie troids, may be estimated for the popes of preliminary design. The meant 
conducive to ‘making ng such an estimate. 
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constants. For example, the stiffness factor expressed by Eq. | 14 is equivalent 
to a textbook formula involving five integrals.® 
rtgls ~The method described has been applied to the determination of moment- _ 
_ distribution constants 0 of symmetrical arches with constant or variable moments : 7 
of inertia. Fs The general procedure of making ¢ and weighing the ‘solids remains 
the same. However, two pressure solids are required order 


arch properties in the z-direction and y-direction.” _ 


“Analysis of Indeterminate Structures,” by J. I. Parcel and R. B. B. John Wiley 
Sons, Inc., New York Y., 1955, p. 275. 


of Moment Distribution Constants of with a Variable » Moment « of 
_ Inertia,” by O. Ondra, dissertation presented to Lehigh Gaiversity. Bethlehem, Pa., in 1955, in partial _ 
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As Slr. stole tee will Le tit 
i“ & 
p the na 


‘ts 


J, Q, Zp, and permits a con- aA 
____ siderable simplification of the analytic expressions for the moment-distribution | ee 
— 
— 
— 
im 
= 
& 


ad) xe alt de in 4 oldats 


MURPHY ON MOMENT-DISTRIBUTION CONSTANTS 


C. Murray, M. ASCE.—Many numerical methods have been 
introduced to ‘provide. solutions for the determination of stiffness factors, 
carry-over factors, and fixed-end moments. The method of column analogy 


j provides a general solution which can be applied to the majority of the problems — i 


of varying cross sections. The ‘column analogy | may be modified by taking 
_ subdivisions at convenient intervals on the analogous column to seared : 
values of anon and moment of inertia. 


g J 


(a) BEAM LOADING’ 


055722 


“(by ANALOGOUS COLUMN, 
EXACT — ANALOGOUS COLUMN, 
APPROXIMATE ‘SOLUTION 


G. 13. —ANALocoUs a 


computations required for determination of the properties and loading on the 

analogous column is a physical application of the prineigtes of the column 

The sibaanabiei' of Mr. Ondra’s method are most apparent when one con- 

- siders the case of a haunched beam uniformly loaded over a part or the a 


- plete span. . This problem i is believed to be ser tastes the design of reinforced 


Fig. 13(6) shows the pressure solid that should be considered. The 


of the pressure solid may be found for this case by integrating over the areas, 


Eng. Trainee, Pittaburgh-Des Moines Steel Co., 
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Aand B. Volume A is a solid with a constant base width a height ‘teat 
varies as the squarc of the distance from the center line. Volume B is a solid 
whose base width varies inversely as the cube of the distance measured from — 
the midpoint of the beam and whose height varies in the same —— 
as does the height i in volume 
For this type of beam and loading, the most expedient method. of aaeaeatin 
= ing the beam constants and fixed-end moments would be to assume subdiviiions Zz 
the pressure solid ; these assumptions are shown in Fig. 13(¢). af 
By using the. properties. determined by the approximate method for 
7 ‘particular beam, the writer found the value of the fixed-end moment at the | 
_ left end of the beam for the type: of loading shown was 0.0398 g L*. The exact 
= of the fixed-end moment, determined by integrating for the areas and . 
volumes on the analogous column, was found to be on the order of 0.0345 po 
qT. _ Comparisons of these values indicate that errors of the magnitude of 


18% may be involved when only the approximate method is used. The 
Ms ba magnitude of this error is dependent on the judgment of the individual, the y 


Tefinement of the method, and the complexity of the problem. 
- ‘The use of the solid model when a complex pressure 8 olid is involved will 
= - provide a less tedious method of analysis or a good check on the approximate ; 
‘method of solution. As Mr. Ondra has stated, two Solids will be required for 


- the determination of all the desired constants. 
ia _ Tuomas D. Y. Fox," A. M. ASCE.—The author is = be commended for i 
¥ examination of moment-distribution-constant determinations by model-experi- 

ment procedures. Mg With the aid of the pressure solid, the effect of a varying 7 S 
moment of inertia on the moment-distribution constants can be visualised 
easily. Indirectly, the manipulation for determining the moment-distribution 
constants by column analogy is more easily understood 

; In appraising the experimental method, the writer wishes: to stress two 

- ‘points: First, the accuracy of the results obtained by the experimental oe 
compared with the exact analytical method and the approximate method » 
ordinarily used in design-office practice; and second, the time factor as a 

basis for comparing the advantage of the experimental method over the other mh 7 
‘Procedures. In the approximate method the properties of the analogous- 

4 column mati. of the member are determined by dividing the member into 
lc, _ Then the moment of inertia of each segment is assumed to 2 
uniform, and the value is obtained by averaging the \ the varying moments. of inertia: 


is by the type and function of the structure. In the design 
of a member in a structure, the values used for moment, shear, and axial stress" 
are dependent on the physical properties of the member—that is, the modulus — 
of elasticity, the moment of inertia, and the accuracy of the dimensions of the 
r estimation of the physical properties 
~ its eet aan: on the : final results of the analysis has been the subject of 


Design E Richardson, Gordon and Assoc tes, , Pitteburgh, Pa. 
™ Design Engr 0 ociates, 
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ON MOMENT-DISTRIBUTION 


of claatcity and moment of inertia should be those that t give 
design. Therefore, the accuracy | acy of results obtained by model experiment or 
analy tical methods can | be compared on a basis of the properties assumed. — 
Accuracy of Results. 1 results: obtained by model experiment are 
- dependent on the measurement of the dimensions of the model ; the eee sal 
of the material used for the model; the accuracy ( of balancing and weighing; 
and the refinement of arithmetical ‘computations. Because e moment-distribu- 


are the sum of the relative errors of the factors that 
are independent of each other. _ The 1 reduction of the relative error in one . 
"% factor will proportionately reduce the relative error of the final result. _ ale” J 


Accuracy of Results. 2.—The error of the results for moment-distribution 


method or by the -column-analogy method, is ‘gablect only to the. error of 
arithmetical computation, and can be controlled by the ‘ ‘rounding off”’ st of | P 
values. Therefore, accuracy can ‘also be controlled to any degree desired. a 
Results obtained by this n method are 2 used in making a a comparison with Mr. he 
10 ft 
‘moment-distribution constants by the approximate method results from 


analyzed. The error can be somewhat reduced by increasing the wumiier 
of segments used in the determination of the moment of inertia. — The error 
is dependent on the type and shape of the structure and on the type of loading = 
to which the structure is subjected ; the magnitude of the error changes ac- a 
cordingly. - Design-office | practice is to use data that have been compiled in 7 
a tabular or chart form and that are based on approximate methods of —, 
tion—either | approximate integration or column analogy. 
_ If errors occurring in the three items listed previously can be reduced with 
_ little effort and to a greater extent than those obtained in the nai 
analytical method, the advantage of the model-experiment is apparent 
with regard to comparison of accuracy. 
To compare the accuracy of the determination of moment-lstibution — 
~4 constants by the exact analytical method with the approximate analytical 4 


_ For computation by the approximate method, the beam is divided into Be. 
each ch having a 1-ft t length. constants and 4 


Pome 


‘method, an example of a haunched beam (Fig. 14) is used. no ati 
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bs 


; - both the exact method and the approximate method. The results are shown a 
fa Table 2 and are compared with values obtained from data” published by the 

-Portlant Cement Association, Chicago, , and column analogy, in which 
properties. were obtained by the approximate method. 


comparison of the errors resulting from the experimental pressure-solid 
method a1 and the  cardboard-n -model method are in Table 
In comparing the relative errors in Table 2 and Table 3, ithe 'ebbtiteley' of 3 
the results obtained by the approximate analytical method is better than that 


TABLE 2 Constants 
Stiffness Sa 
“Stiffness Sp 
-over factor, Coa 
Fix -end moment, Mp, in kip-ft.. 
Fixed-end moment, Mba, in kip-ft 


By exact method (Portland Cement Association “Handbook of Frame 
¢ Percentage of error in terms of exact analytical method. 7 


* By approximate method with column analogy. 


Pigs? MErHop AND BY Metaop 


a4 ERCENTAGE or Erp Enno 
EOE 


methods Cardboard- model method? 


_ Fixed-end moments 


Maximum values Footnote reference 


of the results obtained from the model-experiment method. It dani be 


_ noted, however, that this occurs in a simply shaped member with 1 simple di ” 
_ing and with only two or three different values of moment of inertia. Under — he, 


oe such conditions the approximate analytical method furnishes more accurate 


results than model-experiment procedures. ‘With members of complex 
Hitt 


ibe: such as arches, and with | complicated loadings, the accuracy of the 


si approximate method is reduced. Use of the exact analytical method requires = 
increased labor and becomes quite involved. In such cases the 2 model-experi- 
3 ment methods will play an important role in the determination of the moment-_ 


_ distribution constants and will give much more accurate results with no increase 5? é, 


_ “Handbook of Frame Constants,” Portland ‘Cement Assn., Chicago, Il, 1947. 
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i. «dt is shown in Table 3 that the average accuracy of the results: obtained 

cer =~ sq from the cardboard models is lower than that of the results obtained from 

the pressure-solid method. The choice of method will ordinarily depend 


required computations. The cardboard 1 models can be more furnished 
than the Mondale used in the pressure-solid method. However, 
of paris, paraffin, or other readily molded materials can be used, the 
‘construction of the models not necessarily govern the selection 


the method used for obtaining the desired information. d bouietdo 
it should be noted that the eevee line for a fixed-end moment can b 


(a) MODIFIED ANALOGOUS 


CANTILEVER AB és (6) MODIFIED MOMENT 


- ~Ce troidal 


‘ANALOGOUS COLUMN 


™ 
hy Fra. 15. Fae. 16.—Prismaric Soup 
1 pressure solids should be used i ‘in the other model method. The con- . 7 
_ struction and weighing of the pressure-solid model r requires | more time than ww 
th the measurement of a deflected curve of the cardboard model. ss 
‘Time Factor in Obtaining Final | Results.—The time required depends on 
the skill of the computer. if the type of member and loading are simple, the 
Spproximate method or the exact analytical. method will give results more 
< rapidly a and accurately than those derived from the model experiments, — W ith 
; = complicated types of structures, such as an arch with a variable cross ‘section, 
__ time-consuming and laborious computations become necessary and there is a 
i less waanedd iI If equal time is is required t to determine the foal results al the a 
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FOK ON MOMENT-DISTRIBUTION CONSTANTS 
cians analytical method and the model method, the latter me method _ 
_ should be used because of the greater accuracy. Time, cost, and accuracy 
are the governing factors in the selection of the method to be used. A — 
v7 factory determination would probably require a a rather comprehensive study. 4 
In the determination of fixed-end ‘moments caused by | a uniform load in 
using the column-analogy method, the use of the moment area with a mre 
bolic curve as a load becomes necessary. — The determination of loads and — 


“21. 


* moments on the analogous column is thereby complicated. ot In the case men- 4 


_ tioned, a modified method can be used, as shown by Mr. Ondra under the head- — 
ing, “Beams: Fixed-End Moments, Uniformly Distributed Load.” gt: 
For example, the beam shown in Fig. 15(a), with a uniform load of 1kip 
per ft, illustrates the use of the modified column section to determine the ‘il 
and moment on the analogous column. In order to make the structure st tati- 7s 
‘cally determinate for the application of the column-analogy method, the /sup- 
port at A is removed and the beam acts as a cantilever fixed at B. The mo- y 
_ ment diagram is shown i in Fig. -15(6). - The moment area is applied as a load 
area of the analogous column, as shown in Fig. 15(¢), i is 


the position of the centroidal axis leads 


| 


From Fig. 15(d) the load on the analogous column is” 


Ps (abed) + P; (aefg) vod svad ebordtan 


3 x1 12. 5X 5 x 0. 5 +3 x 50 x 10 Xx 0.5 
The moment, M, of the load about the center ‘line: of the analogea-clomn 
= 10.43 X — (4.17 — 3.75) + 83.80(77.5-417) 


‘The same problem can be solved by the substitution of prismatic solids for for 


* solid with parabolic curve, ‘again using the modified method for the ela? 


- mination of loads and moments on the analogous column. The solution is rE ; 


in Fig. + If the modified analogous-column section is used, the 
13 ment diagram can be determined from M = W X, and the width of the analo- 


iviog bis 
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CAIN-LUCK on MOMENT TDISTRIBUTION CONSTANTS 

oment, M, of load about the center of f the original column 


if 
io 1 bloods 
= 20. 30 (4. 17- 3. 75) + 00 x = 273. 26 ft 


én to concentrated « or uniform the approximate: ‘method may not be 
‘sufficiently accurate unless an increased number of segments are used. Because — 
a solution by integration is laborious, either Eney’s method? or the pressure- 
solid method can be used. The selection of a “method will depend on mm the 

Sa JA disadvantage « of the pressure-solid method is that, in order to determine — 


fixed-end moments due | to concentrated loads at different the 


_ ‘ than Eney s method, in which 0 one distortion at the end support will give in- a. 
fluence ordinates ‘simply by ® measurement of the deflection curve of the 


iim the time Tequired fi for ‘the determination of the stiffness, 


Fr RANK J. CaIn® AND Luck,“ Junior ASCE.— 
of determining the moment-distribution constants for beams” with 
_-variable moments of inertia can be extremely tedious when using the classical, A 


methods of column analogy or in elaborate In the past, 


‘sistent with the moment- distribution itself. 
a _ Mr. Ondra has offered a unique method, which requires the construction a 
; = of a wooden model and the use of weighing apparatus to determine these con- 
stants. The theory presented and the simplicity of the model analysis are to _ 
be commended. However, in all model analysis there exist inherent errors 
4 due to poor similitude, measurements, and nonhomogeneous mater These a 
_ errors, together with the fact that the building of models is impractical for. i 
“4 most engineering firms, might cause serious objections to the paper. 
a Nevertheless, in the author’s conclusions it is stated that the properties a 
Q of the solids may be estimated for ‘preliminary design. The writers believe 
2 that all the criteria necessary for the application of the pressure-solid sh 4 
‘% may be determined precisely by simple statics for use in either preliminary or ‘ 
The analogy of the pressure solid is reminiscent, in form at least, of a simply 
supported conjugate beam with an extra dimension of depth. All the properties 
_ of the solids determined by. weighing 1 may be found by assuming a unit — 
and solving, by first moments of masses, for the appropriate reactions, weights, — 


of! 


Graduate Dept. of Civ. Eng., Lehigh Univ., Bethlehem, Pa. 
Graduate Asst., Dept. of Civ. Eng., Lehigh Univ., Bethlehem, Pa. 
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a 
cation will be illustrated by re- 


‘ The simplicity and iii of this mo 
solving the e example u used in the paper. - The problem is a deepened beam with © 


a ata quarter point, as shown in Fig. 17(a). pd 
_ Following the basic concepts set forth by Mr. Ondra, two othographic views 

“= and elevation) are sketched, making sure that all corners are individually 

labeled and all dimensions clearly. shown, a as in Fig. 17 (b) and Fig. 17(c). a It 

7 _ may be noted that relative values may be substituted for the (1/EJ)-values 

in the case of carry-over factors, which are ratios rather than absolute values. 4 


Factors. —From 6 the y-over are 


,* views of the pressure s solid are broken into as s many sections as is ‘convenient, 
remembering particularly that the solid is divided diagonally across the front _ 4 
view (elevation); rectangular and triangular ‘shapes are recommended. 
determine reactive weights from moments of 1 masses, ‘a unit weight, w, must be ia 
WP 4d _ assumed. If w is given the value of unity throughout the problem, the final 
will be consistent with the prototype beam. 19 ary 
For the beam in Fig. 17(a), = = 512 X 10° in.*, and I, = = ix 
x 10* in Let EI = 1; therefore, 1/EI = 1 and 1/E I;=2. If bb’ = 1 
and the unit weight equals 1, then A 30 sq ft, W = 17.5 lb, W’ = ‘12. 5 
‘ith the solid subdivided, take moments shout the opposite corner of. 
Separate asa simply supported beam for the reactions, and Rs, as well 
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a wedge aa’b’ as a free body and about bb bb’ yields 


aking the whole sure 


7 With Ry, 


and Ry known, the carry-over fact factors are are determined by 


Stiffness Factors.—The stiffness factors for a beam are given by Eqs. 


14.29 512 X 108 = 7,7 646,000 ft-lb 

eae is suggested that relative (1/E sa values t 


4 these by-products are the values of z, and 2. . To complete the fixed-end 
_ moments, only the volume and centroidal distance of the ‘ ‘force diagram” are 
-Tequired, as shown in Fig. 17(d). The fix fixed-e 

a. lent of 0.5 in. at a are found to 


rand moments caused by a 
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i 
Fized-End Moments.—In the determination of fixed-end moments, son 
— 
— 


— 


- The fixed-end moments due to clockwise rotation of 0.2 ° ata are 
M 


= 6.8. = 0.00349 radians X 646,000 = 2,252 ftlb 


= Cas Ma = 0.400 x 2,252 = 902 


Fig. 17@, Wi = = 212.5 ‘Ib; from statics, = 3.72 ft. The fixed-end 


-moments due to a load applied at k can be determined from 


fi (L — k L) + A 1 + Le (Lp — Ze) ind ‘ait? 
60 14.29 — 11.67 
Te 
® ton a wy 50 * 


= 0.36 ft-lb 


60 


The author (under the heading, states “that “the 
described has been applied to the determination of -moment-distribution 
‘ constants of symmetrical arches with constant or variable moments of inertia.” _ 
_ Because the greatest problems are encountered in unsymmetrical arches, the 
: writers are not convinced that static moments can be ap ee to arches as they a 


Oragxar A. ASCE.—The discussion by Mr. Murphy is primari 
1 concerned with accuracy column-analogy computations performed 
by the segment (approximate) versus integration (exact) procedures. He points 
out that errors on the order of 15% may be involved y when the segment by.) 
method is used. This would indicate that the writer’s experimental method 

is more accurate than the the numerical-segment method, which i is preferred to the Ps 


It is not generally ‘understood that the column-analogy method applied 
to actual design problems, such as cover-plated wide-flange beams, is likely to — e “ 
yield inaccurate results whether segments « or integral calculus are used. _ This 

" is particularly true of the fixed-end moment at the far end of the beam—that 
_ is, the end that remained fixed for the purpose of obtaining the bending-moment — 
diagram for the member rendered statically determinate. The reason is that 
= ‘differences of large numbers may be involved in the 
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on -ONDRA ON MOMENT-DISTRIBUTION CONSTANTS 
Although | the errors depend « on the position of the load, the choice of the 
= > determinate structure, and the configuration of the (1 Z J)-diagram, experience __ 
has" indicated that, in general, slide-rule computations are inadequate to 7 
“guarantee: accuracy within 15%. | _ Occasionally, a multidigit calculating machine 
4 is a prerequisite when 5% accuracy is required regardless of the number of an 
- segments used and notwithstanding the use of integral calculus. In rigid a 
_ frames and elastic arches characterized by biaxial bending of latin -column > 
section, a third term enters into the indeterminate moment function so that 
accuracy of the arithmetical computations i is further impaired. 


_ The unreliability of slide-rule evaluation of the segment properties or 
is not peculiar only to the column-analogy method. It also exists 
in the neutral-point method. Although the neutral-point rs can be 
computed w with a slide rule with a certain degree of accuracy because the 
« -‘Feactions are expressed as ratios of similarly affected quantities, a potentially 
_ significant error may appear when the neutral-point reactions are transferred - 
_ to the supports of the member (either a frame or an | arch). oa ‘The same pos 
_ sibility of inaccurate results is present in the solutions found by the ‘general _ 
~ method for indeterminate structures, in which simultaneous equations with 
coefficients 0 of a comparable order of ‘magnitude must b be solved. 
Mr. Murphy states that: : “The author's concept of using a solid model 
a _* * * is a physical application of the principles of the column analogy.”” This ” 
is true in the sense that the writer’ 's working equations, which . include E Eqs. 27, 3 
and 40, are borrowed from the column-analogy approach. These e equations 
_ were used to avoid lengthy derivations. Actually, column analogy is not a_ 
special method of analysis i in the same way in which the moment-distribution 
method i is different from each of the other methods. it utilizes a conv eniently 
_ arranged bending-moment diagram that permits the finding of the 
7 plementary moment, which is caused by the indeterminacy | of structure. 
coincidence this is done in a manner similar to the solution of an A 
SE aterveien of the strength of materials. It can readily be shown that the column- 
analogy method applied to beams is identical to the conjugate-beam method. — : 


- 


=. 


sh 


It is only necessary to write the equation of rotational equilibrium of the con- 
inant beam by taking | the sum of the moments of the (M / E I)-loads about 
- the centroid of the part of the (M / E J) -diagram corresponding to one of the 

the redundant fixed-end moments. If the conjugate-beam load diagram 

is properly prepared, the column-analogy equation can be read almost without 4 


‘The conjugate-beam method has in its background the integral, ee 


Mei, mr Er (Castgliano), are deflections of the 


fundamental ‘strain-energy concept. Each available ‘method of analysis, 
except the moment-distribution method, is a variation of the strain-energy 
method, in which the external work done by real or fictitious loads is equated | 


to the internal energy stored i in the structure as a result of deformation. fie per ; 
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‘The writer's working formulas a: are not credit is due to C. 
p ‘Maxed and Otto Mohr and to others who have applied their own fundamental _ 
The radical « difference between the existing methods of evaluation 
and the pressure-solid method is the replacement of summations or integrations 1, 
According to Mr. Murphy’s exact solution, the area, _A, of the analogous © 
column is 0.836 L, which differs by nearly 1% from the writer's value of 0.844 L. 
‘The amall discrepancy i is unimportant, but it is emphasised that exact- 


Fok has presented a a thorough : and valuable « discussion of the € 
- and relative merits of numerical methods of analysis and the experimental 
, Fg _ methods of Eney, as well as the experimental pressure-solid method proposed by = 
ee the writer. Mr. Fok is perhaps the first engineer -who has applied the foregoing 7 
mS method outside of Lehigh University at Bethlehem | (Pa.) ), where it was devel- _ 
and Manhattan College in New York (N. 3% where it is used by 
a senior civil eng engineering ng students. _ Mr. Fok's consideration of the pressure-solid ia 
concept as an aid in visualizing the effects of a variable moment of inertia _ 
on the several | moment-distribution constants applies equally to the design 
office and to the classroom. had bri comaiats of 
From an academic point of view it is interesting to know the degree of ; : 
accuracy of the moment-distribution constants obtained by the various avail- 
able methods. However, in practice, the constants are seldom the ultimate 
objective of the computer. The moment-distribution method in which these 
« constants are generally used has the unique feature of dissipating the effects o of 
erroneous and even incorrect values of the carry- over factor and sins 
factor throughout the structure. This also applies to occasiona! arithmetical 
-errors—for example, when a moment that is incorrect in either magnitude il 


sign is carried over into a joint one an incorrect sign is written while a 
An examination of the accuracy of results| must go beyond the moment-dis- _ 
tribution constants. It i is possible that for « certain configurations of members 


_ plates in the midspan regions and top and bottom tie plates over the vores 
‘ supports, it has been the writer’s experience that it made little difference in | 
ultimate Tesults (reactions and bending moments) whether the variation of ithe 

‘moment of inertia was considered or the constants correspo ng - only to the 


respective wide-flange om were used. These beams were actual structures __ 


- limited e experience does not imply that the relative indifference of wenetions and a 
fixed-end moments to the variation of the moment of inertia is always the case. -_ 7 
Clearly the values under consideration are and moments only ; 


— ONDRA ON MOMENT-DISTRIBUTION CONSTANTS = 
= 
| 
— 
— 
| 
— 
— 
— 
— 
— 
— 
in 1€ statically inaeterminate structure an or Certain positions and relative 
magnitudes of loads, the computed stresses in the structure may be sensitive 
to the accuracy with which the constants were computed. However, the 
writer believes that this is seldom the case. While analyzing continuous wide- 
— 
| 
ents and nin-ennnarte hents consietine of similarly huilt-1n mamhere | 
— 


= & J Michael J. Link ak repeated a part of Mr. Fok’s investigation by the pressure- 
oa solid method, using a piece of fir + wood 2 in. by | 4in. by 16 in. ~The values of 
_ stiffness and the carry-over factors are given in Table 4 together with the @ 
pertinent data taken from Mr. Fok's study. { ott bas 
Eq. 26, which relates the four factors, was used in conjunction with asi 
plot of these factors so that Link’s results could be adjusted. If the two _ 

: 3 stiffness factors had been considered to be correct, which is almost true of 


8 values, the j graphical adjustment would have yielded ‘carry-over | factors” 


_ that were in extremely close agreement with the values of the frame constants. 
- Because i in an unsolved problem it would be difficult to predict which of the 7 
4 experimentally ‘determined factors deviate less from the true values, an im- — 
partial graphical adjustment was performed. It is seen that the maximum 


he 


= 
4 
6 Association| tween Mr. pressure- | Col, | ®diusted ween Col,| Sdiusted 
handbook proximate | values and | Penentag 
off values | values and| ™ethod | Goi (1) 


Sa...... 223 | 0453 | 141 | 0439 0 

Stiffness, Ss......| 264 (0696 176 | | 249 

Carryover | | ore | 
actor, Cas 0.735 0722 2 


= 

iis 


& coder 
‘percentage of error was reduced to 2. 56% and that the peter aie error in the 


Iti is believed that it is impossible to decide whether the carry-over inaiee 


or the stiffness-factor values are more reliable for Eq. 26. The values that 
_ were experimentally and analytically determined for several beams are incon- © 
9 Furthermore, Eqs. 12 and 14d do not lend themselves to a qualita 
tive analysis of relative errors. The: denominator of ‘Eq. 14 can be written 


is therefore subject to error. Because i is smaller than 
= the span length, L, the differesice between the: experimental values and true 


‘values: of lin Eq. 1 will always be lens ‘than the difference between _ 


4 the experimental and true of the carry-over factor expressed by Eq. 12. 
4 However, in Eq. 14 the expression in the parentheses i is multiplied by A, which | : of 
determined by weighing; A may be. accurate or inaccurate in value, accurate 
- in value but inaccurate in configuration due to compensating inaccuracies in a 3 ie 
7 t cutting, or inaccurate in both value and d configuration. © If the configuration is a, q a 
4 inaccurate, it affects the location of the center of pressure and, ‘consequently, — _—- 
the weighed of the pressure solid and the value of Q/J. 
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Fok's he 
correct. The engineer with sufficient skill to the type of numerical 


unknown. Approximate relative values may be estimated by assuming each 
_ member of the statically indeterminate structure to be fixed-ended and, thus, 


“actual design the moment of inertia and its variation are 


__mbjected only to the effect of the loads acting on it. - After the preliminary 
_ analysis of the composite structure is made, the I-values may be revised and 


shape of the : structure o or r the influence lines for the support and joint moments el - 

- using the Miiller-Breslau principle. Several preliminary analyses must be 

_ performed before the final moments of inertia can be obtained and the design 

Whenever the relative moments of inertia are changed, only the computer’ s ss 

_ experience can be salvaged from the preceding computations. . This is’ true = 
of each of the moment-distribution constants as well as of the actual = 
” of moments and sidesway correction. On the other hand, in experimental — 


with celluloid or models, the: bulk of the work consists 


the several weighings : and fashioning the wooden solids. The actual 
readings and computations are quite simple and expedient. If the moments a 
of inertia of the prototype are e subsequently changed, it becomes relatively easy a 
to remove excess model material by sawing or filing. of the 
preparatory work need be repeated. 
Nevertheless, it is doubtful whether experimental methods | of analysis will 
be greatly utilized in design offices or in routine work. The chief value of | 

x these methods is in their application to complicated problems (as noted by Mr. ft, 
_ Fok) i in research, or in situations in which the utmost refinement of design is pel 
necessary because of cost, weight, and safety. These ‘methods of analysis — 
could effectively be applied to such situations as production-type structures, — 

elements o of machines, and airplane and submarine frames. chin 

Perhaps the greatest merit of experimental ang analyses i is their value asa teaching 
‘ae adi in developing and demonstrating various theoretical methods of analysis; — 


in emphasizing the fact that, unlike statically determinate str structures, analysis ioe € 


and design must be considered simultaneously because one affects the , other; oa 
and i in making it possible for an inexperienced engineer to predesign structures 
intuitively, which would be without years of first-hand design 
The independent check of panne 3 = ‘Messrs. Cain and Luck, to which 
- the computation of fixed-end moments caused by a concentrated load was 

~~ agrees with the writer’s values. However, the writer does not agree a 
with the value of M, = 0.36 ft-lb, which, by column analogy (and by checking — 

at, _ their arithmetic), appears to be on the order of — 69 ft-lb and differs from the | 


computations and Who 18 aiso [amillar With 1€ ressure-soud method may 
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desirable, which would be especially true of a more problem 
Poe - Messrs. Cain and Luck’s method of determining the constants seems to be 
all 4 a misunderstanding of the writer’s purpose. _ Therefore, it should be re-empha- : 
: _ sized that the writer's primary purpose is to replace summation or integration _ 
byv weighing. Actually Messrs. Cain and Luck did integrate while usingfamiliar 
formulas of solid geometry that express the volume of a prism of constant 
_ width and locate its centroid. The actual pressure solids and load solids con- 
sist of two prisms, each having a rectangular base. This short cut can be used — 
only because of the extreme simplicity of the (1/E I)-diagram. In more > com- 
plicated situations Messrs. Cain and Luck could not have used existing for-— 
-mulas. They could only have used the segment or integration computations. € 
a 
_ ‘The writer’s working equations in terms of weights would only s serve to com- 
1 ~plicate the problem and cause confusion. = 
; aa those who do not wish to use experimental methods of analysis, the | 
writer recommends working formulas, as shown by Eqs. . 12, 14, and 17 and _ 
their adaptations to support b. These equations have been reduced to their — 
ra simplest possible form. The nomenclature i is simple in form and concept and 
lends itself to diagrammatic interpretation. The well-known relationship « ex- 7 
pressed by Eq. 26 should be used to check the results. In order to evaluate 
the fixed-end moments, the column- analogy method will be most convenient | 
a particularly because values of A, Q,, and J, are already known. | ‘The valueof 
_ J, is readily obtained from Jq by’ the parallel-axis theorem, and 2x, is the ratio, 
a Q./A. All necessary computations can be conveniently arrangeil in tabular 
i «@ form. If integration is preferred to the segment method, the former may be = 
ormer mi 
mo accomplished i in tabular form; the integral sign need not be shown. _ wBqaTG 
‘The answer to Messrs. Cain and aus question as to whether | static 
. moments might be applied to arches i is “‘ves,”” ' However, many summation or — 
tose 
integration computations must also be | performed. ie ni at 
_ The writer wishes to thank the discussers for their interest in his paper and 
their contribution to it. The apparent preference for purely numerical solu- 
“4 tions indicates the need for continued efforts to simplify the existing methods ~ ; 
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. = ordination of all forms of transportation planning. There is presented the need a : ES 


_ in order to serve better 1 the surrounding communities. Finally, the prospects” 


4 


| 
ana 
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for coordinated transportation planning in a port area in which rail, water, air, 
Sg and truck transportation must be planned on the basis of interrelated land use. 
| This i is followed by a description of airport planning, financing, and operation | 


for coordination of transportation are developed. pred not be shown, 
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TRANSPORTATION PLANNING 


A FOCAL POINT = 


‘The port has. become a focal. point for every form of transportation—by — 
water, land, and air. ‘ Therefore, attention must be given to present and future — 
‘a trends of all forms of transportation and to integration, coordination, and co- 
‘ operation among the public agencies and private interests concerned with this 
vital element in the nationaleconomy. 


the field of transportation the port be with all 


modes of transport and related facilities because a port is more than roe fy “_ 


n examination of : any city o or Pata iad ‘area t to which the t term ‘ por 
4 is applied reveals that it is a focal point for transportation by water, land, and ' h 
. air. A port serves as a magnet attracting all modes of transportation. Thus, ap — 
wt ; the many transport facilities concentrated in the port terminal area permit the y 
4 direct and convenient interchange of goods and persons between various parts Zz 
of the United States and the world, ‘The re result of this concentration of trans- 
portation service has been that port areas have generally experienced the 
greatest and most intense developments of population, industry, commerce, - 
‘Transportation by water assumes first importance as the historical | reason 
a this concentration and development. It is significant that of the 107 cities 
population of 100, 000 or more in the United States (1950 
11 are not located directly ona navigable waterway, or along the borders 
- Great Lakes, or along one of the coastlines. In all countries the fist" com- 
 Inunities, and later the fastest growing cities, were established along the scnsi> 
Be: where natural harbors and streams permitted sailing craft to serve them 
‘More easily and directly than the primitive land vehicles. In 605 A. D. the 
ae of the Thames River in England were described? as a “market for many 
repairing to them by 1 land and sea.” 
As it became possible ‘to clear forests, span cross hills, ‘roads 
built to serve land transportation facilities. Within the past century, land» r. 
7 __ transportation by rail and motor vehicle has become a reality. In the first 
half of the twentieth century, the third element has been added—transportation hc 
by air. U nfortunately, a significant part of the growth and expansion of trans- — 
‘portation and the development of their related facilities had taken place during 


the years before the role of planning was fully ‘recognized. 


_Nore.—Published, essentially as printed here, in February, 1956, in the Journal of the City Planning 
= Division, as Proceedings Paper 898. Positions and titles given are ‘those in effect when the paper was 
pis _ 1 Director of Port Development, The Port of New York ‘Authority, New York, N. Y. 
“The Port of London,” by John Herbert, Collins, England, 1947. 
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-———-« Some of the transportation | developments that have taken place in the M 
_ Port of New York, New York (N. Y od over the - past three centuries serve 
. oy as a typical illustration of what has happened in almost every other community. 

— Beginning with the establishment of the first Dutch trading center at the 
southern tip of Manhattan Island (N. Y.), in the past three centuries. water- F 
front facilities have been built, torn down, and rebuilt by countless private 
owners, as well as by the individual municipalities located along the navigable — 

and bays, as the harbor area continued. to ‘spread, The early Post 
3 roads and turnpikes, ‘which developed through the countryside at the time 4 
of the Revolutionary War, still serve to aline many highways. These older o¥) 
a highways, as well as the more modern expressways lak » are the work. i 
of many different governmental | agencies. 
- One hundred years ago, or more, the first rail tracks were built in and = 
around the Port of } New Y ork with little, if any, thought of integration or con- 
““é solidation between the trunkline railroads, of which eleven serve this area 

(as of 1957). _ Just prior to World War II, the cities of Newark (N. J.) and © 

New York engaged i in competition to win ‘Supremacy for their individual 

- nicipal airports despite the fact that these facilities served all the people, in- ae 


td dustries, and trade of the entire port district of northern New Jersey and — 

Lack of integration and in don these facilities has 


culties each or unit of government its own responsi- 

bilities and rights. . For example, within the bistate Port of New Y ork district 
- there are 17 counties and more than 200 municipalities, each having its own 
4 separate jurisdiction. — Thus, the planner at a port, as in any local metropolitan 


‘region, must of nec essity recognize and | be concerned with the multiplicity of 


ef government agencies which exercise power in | their respective jurisdictions. " 


ie At most ports in . the United States, no single governmental agency has con- 
trol over the entire waterfront. _ Instead, there are usually many ownerships 
of the shore properties. "Public agencies— including cities, public authorities, 
x Pt states, and the federal government—operate piers, dry docks, military bases, 
= and other special facilities alongside each | other i ina single port. Private 3 
dustries also own and operate rail terminals, ‘steamship piers, industrial sites, 
- marine terminals, and many other waterfront facilities within the same harbor. oo 
_ Further complicating the planner's job, but at the same time making it more 
exciting, are recent developments in marine ‘transportation and technology 
- which demand new w types of terminal facilities at the port. _ a 


— 


recent years, highways have experienced phenomenal traffic: growths. 


‘This upsurge demands new vehicular arteries and terminal facilities for _pas- ape! 


4 moe 
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port areas are usually the central cores of larger metropolitan regions. A port 
i - _ planner is therefore faced with the fact that the port’s own problems are — 
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TRANSPORTATION PLANNING 


well as and trucks that carry a significant 
— passenger and freight loads. Industry has spread to previously un- — 
~ developed sections of the metropolitan area, with the result that substantial © 
a numbers of office and plant workers now commute by car to work outside the 
° : central core of the city. As the hours of work have shortened and the hours of — 
leisure have increased, the average rately spends more of its time in the family _ 
i ear. The economy is permitting more and more people to own a a vacation 
“ Spot so that the highways now carry this additional load. The planner of 
‘2 a port must therefore be concerned with the need for arterial highway fa- — 
- gilities to: care for the motorist who wishes to bypass the central and congested 
city: areas for both his business or pleasure. travel; with the necessity for major 
‘* tunnels and bridges to span the rivers and bays of the port; and with the 
challenge to his ingenuity of improving the ‘movement of traffic on the streets 
--within the city itself as well as providing the necessary parking and other 
terminal facilities in the central business districts. 


which handle huge volumes of persons and goods moving to and from, as well 
as within, the ‘metropolitan area. The j port planner must be concerned with — 
| the problems that are being experienced by rail carriers throughout the United a 
‘States, including losses” of passenger and freight business to other forms of 
“transportation and their ‘financial difficulties. However, it is essential that 
the railroads continue to serve as one of the basic forms of transport for any - 
metropolitan area or port i1 in providing for mass transportation of passengers 
and in hauling freight. Again the planner must take into account any new 
‘developments in rail transportation as well as take advantage of what may 
a new trend—the willingness of some railroads to integrate and consolidate — 
their opers ations and facilities. 


and traditions req requiring ‘major changes to meet existing needs. “There 
also appears to be a greater willingness on the part of the air industry to ex- | 

periment and to try: new methods of integrating terminal operations, which 

a -makes the planner’s efforts and ingenuity more successful and satisfying. On : 
_ the other hand, there are compensating difficulties that challenge the planner “a 
. as he provides air transportation | facilities for the ghehipns needs of great metro- — 


M4. ra th There are undoubtedly many ways in which the planning of a port as a focal ¥ 
2. a _ point of transportation may be undertaken. } However, the activities and pro- a 
being. conducted in the northern New Jersey-New York metropolitan 


_ Tegion to illustrate the types of planning performed at this great port will es 
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area of New York and New hep an 
tensive and complex network of land, water, and air routes, and their 
terminal facilities, which are the product of more than three hundred years of am. 
growth. The coordination of this vast transportation | network has not been a. 
entrusted to any single national, state, or local agency. — Instead, coordination 
4 is effected informally among the many public agencies and private companies. — 
The region’s transportation problems are too big and too complex. They - 
-_-wolve the responsibilities of too many governmental units and the rights of too = 
- Many private interests to be solved by unilateral action ; they can only be solved — 
by cooperation on a regional level. The port planner must realize that he can- @ “= 
not expect to ‘ ‘mastermind” all planning activities as he does his job. A Instead, 3 
he must work with, and alongside, many others with equal responsibilities. — i 
_ For example, it is significant: to note that i in establishing The Port of New v a 
— York Authority in 1921 as their joint public agency, the states of New ‘York 
= New Jersey stressed the type of cooperative and coordinated planning 
= should be undertaken in this area. ‘Throughout the statute, the Port _ 
Authority’ s role as a catalyst i in the field of planning was emphasized. Ini im- 4g 
_ plementing its many functions and responsibilities, the Comprehensive = 


’ 


; calls for the Port Authority to ‘ ‘request, assist, cooperate and render advice, 


suggestion and assistance.”* This type of planning no doubt could be applied 


- to any large port. - Such a role is proper for any metropolitan planning agency — 


under a governmental system with dependence on local controls. = 


Marine Transportation.—In ‘most ports in the United States there is mu ultiple 


ownership» of waterfront properties. In establishing the Port Authority, the 


7 _ states of New York and New Jersey ‘specifically required the consent of the 


municipality for any development by the Port Authority of marine terminal — 


facilities i in which municipal property would be utilized. at 


(1957) responsible for developing and operating four -‘Inarine terminals in ‘the 

q ‘port—a grain terminal in Brooklyn (N. Y.), the marine terminal at Port New- 

- ark (N. J.), the Hoboken- Port Authority (N. J.) piers, and the Brooklyn-Port 
“4 _ Authority piers. The bistate agency also plans | to develop a fifth marine fa- “a 


 eility, t the Elizabeth (N. J.)-Port Authority piers along Newark Bay. ‘The 


special facilities; and in part by private industries that operate marine termi-— . 4 
nals, rail terminals, steamship facilities, as well as waterfront industrial sites. 
: e general-cargo vessels. In terms merely | of berthing space, the port has more 
_ than enough piers and wharves. However, much remains to be done toassure 
that general-cargo berths have the supporting modern facilities required to ue 


As at many ports, a good | many piers date from om the early part of the twenti- — 


‘There are approximately 340 deep-sea berths in the harbor for the handling = 


- balance of the waterfront is owned and operated in part by the city of New — 4 
and other municipalities; in part by the federal government with a 


he 


. eth century and even back to the nineteenth « century, well before large over-the- >. 3 7 


road trucks began t to haul as substantial share of f import-export freight. itt ‘The 


Thin Plan Act,” Laws of New York and New Jersey, 1922, Boal Facil 
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planner of modern general- ~cargo piers must provide isingle-deck structures 


ee “with sufficient widths for truck operations and adequate floor-load capacity to i 
permit th the high piling of cargoes by modern handling ‘equipment. Dn 
Depending on the channel location, distance between pierhead ‘and bulk- 
head lines, availability of level upland areas, and accessibility by land trans- — 
‘portation, the planner can select the type of pier best suited for a particular — 
section of the waterfront. In some cases marginal-wharf construction parallel 7 
to the waterway is most efficient and economical, whereas at many harbors 
it may be advantageous to use finger-type piers. filo 
Since 1946 substantial progress has been made in marine terminal develop- — aa 
ment. In the entire United States in the period from 1945 to 1957, approxi- 


: mately $685,000,000 has been spent on new and modernized waterfront <i 


Avy 


‘Fre. 1.—Brooxuyn (N. Y.) Warerrront As Ir APpPzar IN 19620” 
ties. Of this amount, more than $155, 000,000 has already been spent or com- 
mitted by the Port Authority, the city of New York, and private waterfront 
owners at the Port of New York since World War II. The Port Authority's 


nounced a $130, 000, 000 ‘program 1 for the of the -municipally 
owned waterfront. _ Thus, progress on waterfront facilities will continue — = 
a many years, Fig. 1 shows the Brooklyn waterfront as it will appear in 1962, 

port planner must give careful attention to new developments, in. = 

_ Marine transportation. This is particularly true for the coastwise and sn 
coastal trade, in which an increasing number of new types of vessels are coming © 

‘into operation, 8 such : the roll-on, roll-off ships for carrying truck trailers; sea 

trains which haul 100 or more e rail cars; and for f 
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costs and reduce turn-around time in port. a ‘result, will be a 


need for specialized facilities the port f for berthing, toting: ant 


‘There w will also be a need for more specialized facilition to accommodate 


growing inland- -waterway operations as well as for the handling of 


ag 


foodstufis, and bulk liquids. Careful considexation be g giv en to their 
special requirements as to channel depths, wharves, s, unloading devices, and 


#H ighway Transportation. —This type of transportation has progressed tre- 


4 Pee since 1925. In the New York-New Jersey metropolitan area alone, 


- almost 700 miles of major arterial highways, expressways, parkways, bridges, 7 
—* and tunnels are in operation. The ¢ construction of this vast arterial highway ‘ 
__- program has involved an investment of approximately $2,000,000,000 as of { , 
; 1957. _ More than $2, 000, 000, 000 of additional projects are currently being” + 
constructed and being proposed. — By 1965 a total of 850 miles of an ultimate a a 
1,000-mile arterial highway network will be available in the New York-New ii 
Jersey metropolitan area. Approximately one-half of the arterial highway i in- i x 
vestment of more than $4,000,000,000 will have been financed by public au- 7 : 
_ thorities on the basis of self-supporting facilities. 


a The field of highway transportation, which involves every level of govern- 
ment—municipal, public authority, county, state, and federal—is one of the : 
best illustrations of cooperative effort by agencies. bod The “many responsible j 
highway agencies can only be persuaded, rather than ordered, to develop their 
_ streets and highways to conform with an integrated over-all highway system. q 
The job of coordinating the planning and construction of expressways, park- 
ie ways, and other arterial highways within the various sections of the New York- 
New Jersey metropolitan | area is tremendous and complex. 
a) However, this fact has resulted in an awareness by all agencies of the. essen- 
4 tial need for integrating their activities so that their various parts will form a 
: “4 comprehensive and coordinated metropolitan | highway system. These agencies — 
“Ss are cooperating and are working on a day-to-day basis. ‘There i is no rigid | 
tegration of these various agencies into formal snmneitiens. Instead, the re- 
: _ sponsible public officials, executive heads, highway and traffic engineers, plan- . 
: > ‘ning experts, and others are keeping i in close contact with each other on their — 
- _ plans for highway development. _ They confer frequently, work together in the 
=~ G — dev elopment of plans, and collaborate i in the actual construction of many art arter- 
= This coordination has been, and will ¢ continue to be, developed as the need — : 
arises. During recent many instances could be in which 


df mental units have cooperated in planning, financing, oa constructing inter 


changes, connections, and approac hes to assure the complete integration of 


a In 1954 the Port Authority and the Triborough Bridge a and Tunnel a | 
thority of the « city of New York ‘pooled | their knowledge, experience, and past — 


i 
|] 
— 
| — | 
— 
: 
| 


PLANNING 


surveys in a year-long joint study of those bridges and integrated arterial ap- nt 
‘proach systems required to provide effective relief of the congestion and delays — ate 
existing crossings, and to provide over-all traffic relief throughout the New 
York- New Jersey metropolitan area. As a result of that study, i in which close — : 
contact was maintained with many other highway agencies, the two authorities : 
in January, 1955, proposed the construction, at a cost of $400,000,000 (esti- 
mated at more than $500,000,000 as of 1957), of three major bridge projects— 
twelve- lane suspension bridge between Brooklyn and Staten ‘sland | ) 4 


a six-lane second deck below the existing George Washington Bridge roadway 
4 (between New York and New Jersey) and a six-lane Throggs Neck join- 


Neck Bridge project, and most of gh necessary approvals for the } Narrows 
and its approach highways have been | granted. 
Rail Transportation.—In any metropolitan region the port planner must 

give serious consideration to railroads as an an essential f form of transportation. — 
The development of ‘ ‘piggy-back’ ' operations may help the railroads to retain — 

_ and increase their transporting of merchandise freight. _ The planner must be © 
concerned with what these developments mean to) the requirements for rail- 

terminal facilities and the over-all transportation picture. 
The New Jersey metropolitan area is giving increasing attention 


Transit Commission a as joint agency to study, the transit needs of 
the region. In 1955 the commission, with the financial assistance of the Port 
Authority, initiated the most comprehensive interstate transit study ever un- 
- dertaken in the e area. This : study was designed to develop : recommendations — 
4 for maintaining an adequate and feasible system of _ transit service be- — 
tween New Jersey and ‘New York. 
= - Both agencies recognized that the dev Seat of any practical plan for 
= transit required a thorough appraisal of the future demand for mass trans- | 
portation i in the metropoli tan area. The survey also considered the possibility 
_ of integrating rail transit lines with feeder bus lines and with private automobile 
travel at the railheads, as well as improved bus services where an additional in- — 
vestment i in rail facilities was not found to be justified. t! The two bistate agen-— 
cies | agreed that no study of the rail commuter problem and a ‘recommended _ 
solution would be realistic without developing a constitutionally sound, finan- 
cially practicable, and politically feasible plan of meeting deficits and debt — 
f the s survey - recommended to the com- 7 
mission the construction of a $400, 000,000 bistate loop linking the Manhattan — 
_ and New Jersey sides of the Hudson River, with present New Jersey commuter 
railroads serving as feeder lines to the loop.’ The project director also called | 


for the creation of a new permanent bistate transit agency to assume the = 
4m ‘Joint Study « of Arterial Facilities, New | York-New Jereuy Metropolitan A: Asea od The Port of New 
York Authority and Triborough Bridge and Tunnel Authority, January, 1955. 
5“Metropolitan Rapid Transit Surve;,” Report of the Director to © the Metropolitan Rania 
Transit Comm., New York, N. Y., May, 1 1957. 
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4 of suburban transit. _ This agency would have local 
a oo _ from the benefited areas and would receive public subsidy from tax sources =¥ 
a aie the basis of the various studies that were undertaken, the Metropolitan 
_ Rapid Transit Commission is expected to submit its final conclusions and —_ 


- ommendations to the legislatures and governors of New York and New Jersey a 
“Ss _ Air Transportation.—The need for close liaison and coordination with other ; 
agencies al and private companies also. extends to the planning of 
 politan airports s. This type of cooperative consultation and planning is illus- 

a “4 trated by the Regional Airport Conference organized immediately after World _ 

j War IL II. This group had representatives from the federal government; the 


York, the Port Authority, the Regional Plan Association... and the 
_ teen counties of the metropolitan area. The The result of the conference was: the 


2.—Cuwrrat Terminat Anza, New InTernaTIONAL AIRPORT 


formulation of a general plan and program, which helped to crystallize the avia- _ 


foregoing study and report were important factors in the evolution 
‘ of the concept under which the states of New York and New Jersey authorised = . 


4 


0 4 sibility for developing their municipal airport. 5 In its program the Port Au- wi 
= thority is developing the four metropolitan airports—New York International, 
LaGuardia, Newark, and Teterboro—and a Manhattan waterfront heliport, 


_ The Port Authority’s airport planning is based on the assumption that air 


_ transportation ion will become the dominant means of long-distance travel. It is > 
expected that the role of air transportation will expand into the 


* “Airports of Tomerrow,” Regional Plan Assn., Ine., New N.Y., 1947. 


ye 

= 

ports. Under this directive, the Port Authority signed lease agreements 

— 


«. 


travel swith the air service the short- 
haul market to nearby metropolitan areas and within these areas themselves. — An 
a a ‘The planner should thus anticipate the terminal needs and other require- 
ments of helicopter services to and from suburban areas. A Port Authority _ 
traffic estimate indicates that by 1965 the airports in the New York-New Jersey _ 
_ metropolitan area must accommodate approximately 25,000,000 passengers per — 
? yt. To provide the facilities to handle this traffic, the Port Authority has 
; pA invested almost $180,000, 000 in its airports, 7 Fig. 2 shows the ultimate — 
_ development of New York I International Airport. Iti is expected that the total ow | 
investment = the ‘metropolitan airports will exceed $700, 000, 000 by 1967, 


— It can be seen that the planner of a modern pain’ must. concern n himself with 


4 every | form of transportation, giving careful consideration to new ‘developrnents — 
that are increasing rapidly. Such plans require integration, coordination, — 
4 and cooperation among all public agencies and private interests to the end that Md 


 - the port may truly become the focal point of an efficient and economical trans- 
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es ‘The development and financing of a medium-sized airport are described to- 
4 gether with its operation under a local airport authority. ih The legal and eco; 
nomic history of the airport is traced, including the creation of the airport au- 


An airport i is the “front door” "to many cities. In the development of trans- 
7 ‘ portation, airplanes | become increasingly important to the industrial and social - 
; of growth of any community. A well-equipped, ‘efficiently operated modern air- 
port is important, as water, rail, and highway facilities have been in the past. 
To visitors the airport gives the first impression of a city, and citizens and = 


public officials are striving to ‘make this impression good. ih addition, 


7 businesses and adequate air-transportation are an impor- 

-. Although there are certain basic physical requirements for any airport, the 

q adaptation for various communities will vary according to the geographic lo- 

4 cation, , population, travel characteristics, and circumstances peculiar to each - 

community. Planning for an airport must not only take these factors into ac- 

= but the important matter of financesas well, 


- - In addition to being a community asset, each airport plays a vital part in 


_ chambers of commerce realize that in order to make effective bids for = 
= 


the air transportation of the United States. An integrated airport — 


and a healthy civil aviation industry are necessary for peacetime economy and © 
wartime strength. For these reasons the federal government and most of the — 


states actively participate in airport planning and development. 


Federal aid through the years has come in different forms; in 1946 a grant- 


in-aid program es established through the Federal Airport Act? authori- 


zation for the Civil Aeronautics Administration, United States Department of __ 


(CAA), to share construction ec costs: with municipalities. ~The first 


funds and state However, in 1954 there were no funds because of 
pe fluctuating amounts appropriated by the United States Congress; il 
nge ae and financing were difficult if not snsvasel a result wel 
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WRANSPORTATION PLANNING 
- legislation’ i in 1955, the CAA will be assured of funds for a 4-yr period longer- 7 
range planning ng and financing will take effect. to "ould: bentesl 
* Public airports can become eligible for inclusion in the federal government’s 
. a National Airport Plan by qualifying under either of two groups of criteria to _ 
measure aeronautical requirements. Airports presently receiving or immedi- 
8 ately anticipating airline service may qualify under criteria based on a measure- 
ment of such a activity. 1 Those not receiving or r immediately anticipating air- a 
a line service may qualify | under criteria based on a measurement of general avia- . 
tion activity. Cities receiving airline service are classified as large hubs, medium 
hubs, small hubs, and non-hubs, depending on the amount of traffic they 
The average length. of the passenger haul results in classifications such as 
; intercontinental, continental, express, and trunk or feeder. These classifica- - 
vm tions determine the length of runways; in the trunk or feeder category they are a% 

8,500 ft long and contain a single-wheel loading of 15,000 lb; in the intercon- 
‘tinental category they are 8,400 ft or longer with ‘single-wheel loadings. of 
100, 000 Ib. Such runway lengths must be increased for elevation, temperature, > is 

radient. i Recommendations for the other elements, such a as the : approach 
standards, a are specified for each type of airport. _ Airports not having schedule co 
_ airline service are rated on the number of based aircraft or other ‘ ‘aeronautical — 


~~, * demand modifiers,’ )” suc such as itinerant traffic or other aviation ion activity ‘important — 


4 0 1€ par icu ar communi y i »y witigngnt 


— Although most military bases are separate from commercial airports and 
Zz will not be cited herein, , some sites have proved feasible for joint s usage especially — . 
a - for reserve e military ‘units and Air National Guard installations ; these locations _ 


Local community finances have naturally dictated much of the 

and development. Methods o of financing and subsequent operation vary 

widely. Some airports are operated directly by the city or county, some have 
__ airport commissions, and others have airport authorities. Certain ones, usually - 

those of large size, are self-sustaining and have been financed from revenue = | 

} 2B bonds. Others, especially those of smaller size, must depend on local subsidy. 4 ‘a 
| is interesting to study the history of a medium-sized, trunk-line airport ‘a 

ge serving a small hub area. There are larger and finer airports than the Allen: 

ie _ town-Bethlehem-Easton Airport in Pennsylvania; many are smaller and in- 

- ferior. The following will show how one group of communities developed and a q 


ar: The history of the Allentown-Bethlehere-Easton Airport is a complicated — 
one, _ Originally, 50 acres of land were leased from a farmer by the Depart- 
ment of Commerce in 1927 as an emergency landing strip for airmail pilots. 
- In1929a group of public-spirited, air-minded businessmen, supported by the local 
az Chamber of Commerce, raised $132,000 to purchase the original 3174 acres” of 
" land, to construct a hangar, and to level the ground. In the early 1930’ 8 z= 
necessary to sell 50 acres to obtain the funds to continue the project. 


3 This action was later regretted because the paentoent expansion santa re- 
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= 4 purchase of the land at three times the amount received for — sale. It It was thus) 
learned that the;progress of f aviation development can never be “sold short.” 
a Federal funds became available in the mid-1930’ 8, thereby making this 
_ project one of the first to construct an original runway in the United States. 
- This work was also probably or one of the most t efficiently organized due to capable | 

local direction and supervision. Three runways resulted from funds originally 
j provided for only one runway. x However, in order to qualify for these funds _ 
_ the airport was deeded to the e municipalities f for $1.00 by the private iene tl 
FORMATION OF THE ATRPORT AUTHORITY q 


‘Toward the end of ‘World | War II, in view of expected rapid development 
aviation, a joint study group ‘appointed by the chambers of commerce recom- * 
mended to the municipalities that an authority be established as the most ideal 
method of developing and | operating a public airport. This authority. was 
— originally created by the cities of Allentown and ‘Bethlehem, together with 
Lehigh County. ‘4 The city of Easton and Northampton County later joined as 
addition al sponsors. The unique venture of three cities 2 and two counties: 
operating in a common enterprise has proved most successful. Interest i in the 
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municipalities. _ The Lehigh- -Northampton Airport Authority w was 
one of the first of its kind in Pennsylvania, and, following its success, many 
have created similar authorities. j§- 


In addition to favorable publicity for the sponsors, the creation of the a 
authority has had real economic advantages. The sound sponsorship h has been 

potent factor in attracting federal and state participation in the expansion: 
_of the airport. Since 1946 more than $2,000,000 have been spent (as of 1957) a : c 

in n its ‘development, yet, because of the five-way division of local funds, ‘it 


Low ness has resulted because the five municipalities bare wet been called on to 
= _ provide more than $20,000 in any single year. Each sponsor has been able to a “ 
include such an amount in its annual budget. a None of the municipalities could — 


a have individually sponsored such an undertaking. Certain projects could not 


7 


_ be provided for in a single year, and, in such cases, the authority has been able * i Be 
4 to borrow money from local banks based on pledges of its five sponsors to” aan a 
_ provide funds over a period of years. s. This was done in the construction of Py 2 
"9 the $1,000,000 passenger terminal building. The sponsors’ share totaled — a | 5 
ok ! $350,000, and the authority was able to borrow this money locally and repay eee ie 
_ it as the sponsors made their contributions over a period of 4 yr. This building a id 
only provides attractive facilities for the air traveler and adequate te quarters 


for the airlines and federal operating. agencies, but. ‘it provides s space for local 7 
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loan at a local bank. These display cases provide substantial 


a ae The a airport covers more than 500 acres of land. It has three ru runways; wo = Er 
- one is 5,000 ft long, equipped with high intensity lights. An instrument- 7 2 
landing system was commissioned in 1954 by the federal government at a cost 
of $110,000. There are more than 35 acres of paving, which is “equivalent to 

19 miles of two-lane highways; 9 miles of underground drainage pipe; and ie 


4 oe _ The main hangar building provides more than 12,000 sq ft of hangar a 
* = space for the base oe air taxi, aircraft sales, flight training, 


“a commission basis, collects the landing and parking foes charged to commercial 
airplanes. The state wing headquarters of the Civil Air Patrol and the el ; is 
Safety Regulations Office of the CAA are also located in this building, 
ian oe An area on the north side of the airport has been developed for housing the 7 
smaller type of airplanes owned by individuals and businesses in the area. HO 
These hangars were constructed through bank loans, which are being paid from 
the revenue derived. Of the original $49,000, only $14,000 remain unpaid. 
i Rentals rar range from $15.00 to $30.00 per month, and thirty-five airplanes - 
Two large hangars have been erected by local al industries. A steel 


‘Adjacent to the main is a restaurant, also built on a self-amortizing 


loan. It is leased to a concessionaire who has also developed a children’ 8 
La amusement. area. _ Rent, based on a percentage of gross. income, has been in- 
~ “creasing yearly. 7 On the | same rental basis, a golf driving range has been de- 
veloped along the entranceway to the terminal building, | 
Pilot's Club, located | adjacent to the southwest corner of the airport 
on its own land, now (1956) has a membership of more than 400 and has 
. recently completed construction of a swimming pool which, during the summer — 
months, attracts local and visiting aviation enthusiasts. 
Located in the new terminal building is the Department of ‘Commerce. cid 
Weather’ Bureau, which not only provides weather information and forecasts 
_ to aircraft pilots, | but offers — weather si service e to farmers, manufacturers, 


AS 


_ ings for the Lehigh River and Lackawaxen River in Pennsylvania. ee. 
The control tower ‘supervises an "average of 5, 000 take- offs and landings: 


radio and television tation: and the general public. It also i flood warn- 


tower. The Airways Communications Station is another federal al agency 
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= tersection of five federal airways and coordinates the of east and 
as bound air traffic to and from the New York (N. Y.) metropolitan area under 
the direction of the Air Route Traffic Control Center in New York. More 
than 50,000 airplane contacts are handled each year. Iti ‘is one of the by busiest 
such facilities in the United States. Inasmuch as federal funds were used 
_in the construction of this building, the authority cannot charge these facilities 
‘rent. However, they pay f for r light, | heat, and maintenance. 5 


bas paqiq bi ‘Se 
The by: three airlines" ellie J 
fourteen daily flights. Passengers boarding and unboarding planes have in- : 
BF ree from 9,161 in 1947 to almost 45,000 in 1954. Substantial increases 
ave also occurred i in air freight, air express, and airmail. - Due to increased 
— the airlines have agreed to an increase in landing fees and space rent — 
_ in the terminal building. The new landing fees are computed on a weight- b 
4 frequency basis, which begins at 9} cents per 1,000 lb of maximum gross-landing | ; 
weight per aircraft landing. Volume discounts of 1 cent-per-1,000-lb integrals — 
apply after the first 150 scheduled landings per month. Ticket counter and — 
Office space in the terminal building rent at $3.50 per sq ft per yr. is Parking fees — 


are charged all aircraft remaining at the airport for more than one hour with — 
the exception of those owned by the federal government. Itinerant commercial — 
- airplanes are charged @ landing fee based on the size of the airplane. Per- 
 sonally owned airplanes on pleasure or training flights are not charged a landing 
fee. Iti is felt that at airports such as these this phase of flying still needs ~ 


Perimeter land owt med by the authority outside landing fiel field is is 
 - farming. — Several areas between the runways are also in the experimental a 
_ stages of farming. r Because of the underground limestone structure, alfalfa has 
_ been determined to be the best crop. Anything that requires yearly co 
or that grows too high so that visibility i is impeded has not been used | because 

of the fear of aggravating a sink-hole condition peculiar to this area. If sink” 
~ holes do not develop because of i improper surface drainage, more such areas + 


_ will be leased to decrease maintenance expense and increase income. 


‘in n 1947 to $70,475 in n 1954. she meeps as a result of the necessary ‘expansion + 
a. facilities and the time required for their full utilization, expenses have i mo 

_ creased to $85, 289. . The deficit is is made up from allocations of the sponsors’ 

annual and amortization are not included i in 
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‘= 1955, after two years of preparation, vertical zoning resolutions Were 
i passed by Lehigh and Northampton counties. A small percentage of # 


6 

to the runways and protection of the some 7 
_ cities runways have been closed, and the entire investment has become imperiled A. 
- because of the lack of foresight in not being able to prevent the erection of — 


__ obstructions. The federal and state governments participated in one project pS'° 
totaling $120, 000, ag for a approaches to one end of the instru- 


Snow removal i in the winter and grass mowing in the summer, in addition to the 4 
maintenance of the field lights and runways, are only a few of the many tasks a 
by this crew. w. Of great financial help in the airfield maintenance 
_ work is the safety improvement program, which is implemented by the Penn-— 
_ sylvania Aeronautics Commission. In this program, one-half of the state tax Z S 
on aviation gasoline sold at the airport is returned for one-half of the cost 
of approved airfield maintenance projects. In 1954 the state’s share of or 
tax totaled $4,000 as a result of increased gasoline sales. te 
Fire and crash protection is coordinated by the authority between the op- 4 
_ erating companies on a cooperative, volunteer basis and is supported by the a 
_ municipal fire departments that respond to calls. In this emergency plan a ape 
the airport fire truck i is manned by volunteers supplied by the three airlines. 7 
Additional equipment i is ‘supplied by ‘a steel company, a construction | company, 7 
_ and the base operator. During 1954 equipment and a stood by for 
sixteen emergencies, t but fortunately fires or injuries 1 resulted. — 


_ The greatest asset of the authority is the civic leaders who have served on 
the Board of Governors when asked by their municipalities. The authority 
is composed of a board of fifteen members. _ Each of the five sponsoring munici- _ 
_ palities appoints one person every year for a term of 3yr. The board — 
serve without compensation. . Because of the complexity of developing and 
operating. an n airport, this is an ‘unusually hard- working board, and consider- 
able time is required of many of its members. Fi Five standing committees are 
~_ appointed which consist of construction, management, finance, publicity, and — 
operations. For example, the o operations committee meets at the airport 
to see that t the appearance is good and to discuss the 
operation 
% rom 1 industries that have given great assistance i in many ways, even to the 


din the future. Each com-— 


= will haveits own local circumstances toconsider inaddition to the the require- 
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ments of the airplanes planned to be put into « service by the aati. com- a 


+s panies. Undoubtedly, jet aircraft will require longer runways. Helicopters 
7 or convertiplanes will require no runways at all. Just 1 what will be needed . 
at this airport and others and what the communities can finance will take _ 
_ intensive study as the requirements of proposed airplanes are developed. == 
_. Each community will need a basically sound organization. The challenge — 
of the future will be met here and throughout the United States by similar 
| Groups. © Because of the foresightedness and hard work of their members, aided 
_by competent consultants and state and federal agencies, airports will co1 will continue 
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PECTS FOR COORDINATION 


‘Inthe past, , coordination in transportation planning has been almost com- 
pletely lacking. This has been due, in part, to the rapid development of the 7 
_ United States, traditional attitudes of competition among g modes of travel, an - 
~ abundance of transportation facilities, and separate regulatory a, agencies, with _ 
_ consequent separate regulatory measures being applied to different types of 
‘common carriers of. passengers. These factors are, in part, responsible for the 
deterioration of passenger-transportation services in metropolitan areas. 
-Passenger-transportation conditions in metropolitan areas have become so 
serious that leaders i in these areas recognize tk the need for. effective 
if solutions to these problems are to be found and put into effect. Some groups 
? are already beginning to attack urban-transport problems effectively as — a 


as other problems, such ; as water supply, sewage disposal, smog, renter areas, . 

and community parking facilities. 


Appraised i in terms of the past, the for of transporta- 

tion planning is poor. However, new conditions, factors, problems, and 

"ments have emerged. Careful consideration of these factors indicates that the 


= for coordination of transportation planning are encouraging especially Pe 
where the need is most urgent—in the major metropolitan areas, = 


tad In the rapidly developing ‘United States, each of the four major forms of 
a transport—rail, highway, water, and air— r—has gone its independent way without 2 
regard to the impingement, or the effect, ‘each one had on other forms of trans- 
o portation, or on the economy and welfare of the area as a whole. we There has a 
been an uncoordinated situation to which | various factors have 


Businesses have been allowed to develop their own potential, and com- 
petitive forces have operated freely, thus resulting i ina minimum of 
_ with the evolution and development of “the “American way of life.” 


or The United States has had a relative abundance of transportation in all 

categories, available to both shippers and trav yelers. * This situation has been 

- possible because of favorable conditions as to resources and high productivity 4 


with high standards of living. | This abundance has contributed to a general 


3 acceptance of conditions. _ Had the economy been. strained, it would have been 
4 Necessary t to give more attention to the problems involved and to the effects of a 

OTE. ".—Published, as 
Division, as Proceedings Paper 988. 
approved for publication in Transactions 
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Leaders of the vi various forms « of have been g to co- 
= 9) - operate with each other, although there has been cooperation on some matters. 

Basically, they have desired to be left alone, often ‘they ha nave ‘not 


regarding transportation matters as a whole. 
_ 4, Another problem that has bothered certain forms « of transportation more = 
than others is lack of uniformity of f regulatory practices. ra _ Regulatory measures — 
have borne with v varying weight on different forms of transport. The railroad A 
industry, for example, feels that the regulatory measures that affect it are un- 0 ‘= 


heavy compared with those affecting its principal competitors for the 


5. Finally, there has been a tendency to regulate separately for each form fi : 
_ of transportation. One. result has been to encourage special pleading for each 
type of "transportation. - Such special pleading applies to regulations and ad 
Separate consideration o of the different fields of ‘transportation 
. ‘desirable results. ~ Lacey V. Murrow, M. ASCE, gave a good example. At 
if the conclusion of WwW orld War II, the ‘United States sent four separate teams to 
China in an effort to improve the transportation situation. These groups were 
cS composed of competent engineers and specialists in their own fields. > oa af 
teams worked independently, and the result was: that each one attempted to : 


i ‘solve the transport problem of China from the ae of view of the particular 


tally less than completely pleased with the results; they not afford 


& Plicatory transportation facilities such as exist in the United States. poe lq “noid 


similar to those in the United States and certainly not suited to the best -- 
: terests of the Philippines. pls ane a 70 add ot 


‘Transportation conditions are also serious on a national: scale. the 
Bp - view of defense Qn wares economy in the United States, the railroad _ 
In seri rery important that reason- 


tla _ Metropolitan: areas, are ‘localities in which coordination of transportation 
planning is very important. Furthermore, “such p planning is “no longer | aca- 
demic but a problem which is, or is fast becoming, ‘urgent. Roger H. Gilman,? = 


4 M. ASCE, has provided excellent evidence of this. 
vee ~” Perhaps the best example of a bad situation in metropolitan areas is in the 


field of transit. Basically, it is the result of the grow! th of the use of passenger — 


oO] 
cars as a Means of transportation. ‘Public transportation (an essential factor 


sero 


by Roger Gilman, in A 
tn ASCE, 123, 1958, pp. 361. 
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portation improvements. Instead of over-all transportation needs being con-— 
sidered, the needs of particular types of transportation were considered sepa- 5 
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er, coordination, of transportation is needed. The 
jective should be to achieve a reasonable balance between public transportation - 
and passenger-car transportation, giving full recognition to the > advantages and 
It was found that in one of the largest cities a transportation survey was 
4 to be made. Inquiry showed that it was actually going to be limited almost — 
entirely to a transit survey because all the attention in recent years had, it was” 
; asserted, been directed to the other elements of highway transportation and 
not enough to transit. _ However, when a community proposes to make a trans-' 7 
: - portation survey and a transit survey is made instead, that is going too far in 
the other direction. _ It should not be a matter of having either one or the other. — 
_ Both forms of teanspostetion inevitably will continue, and the need i is to work 
i out a reasonable balance. this important survey seems unfortunately 
to be losing track of the main 253 aoilibads of 
In contrast, in another transportation study made by a major city, transit — 
was hardly | mentioned. One would think that such a limited viewpoint would 
not be allowed to affect decisions. ‘9d jliw ah 
| . i Another case was that of an important western city. The following is . 
; hg _ summary from its 1953 report to the legislature: ‘‘A satisfactory solution is —— 


-_' to be achieved by building highways and facilities for r automobile tr transporta- 
. alone.”” The following should be noted: ‘“* * * the solution can be 
reached only through mass rapid transit to move people rather 
cars.” points herein warrant comment: “only through mass transit’ 
an and “to move people rather than cars. "What i is s intended by the latter oi 
\ a is to indicate that transit vehicles carry ‘many more persons ett vehicle th an 
A major point in all three cases is that there are important gr groups in major — 
cities s dealing with a dynamic, urgent | problem, but not approaching it it Pa a 
not taking into account all related forms of transportation. 
ind The potential of a doubling in highway traffic in just two shart ‘decwion. 
cheat be considered. — It is natural to assume that this doubling will tend to 
apply to traffic in metropolitan areas if necessary steps | are taken that will 


‘spent getting to the and from it to the. destination. Existing 


transportation facilities between the airport and the center of the city are 
another good example of the lack of coordination in a great many communities. a 
Fortunately, this situation is being much improved i in some communities. _ ye 
The lack of proper planning in connection with the Pittsburgh (Pa.) Airport po % 
Parkway should be considered. nev new divided highway was completed whose 
purpose was to serve that strategic airport efficiently. However, its capacity oe 


and effectiveness are being seriously reduced because local authorities do not 
They 
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relatively’ unimportant watercraft. Until recently, x no attempt was to 
: “y determine whether the added costs of the bridge or other overland Weaagerter’ j 
See resulting from watercraft requirements were offset by equal or a 
greater savings in waterway transportation costs. too 
oh: To alleviate this condition the United States Department of! Commerce,’ ¥ 
acting on the recommendation of the Bureau of Public Roads, brought to- > 
glee many agencies to make a cooperative study of this bridge clearance — - 
4 problem. Asa result, such clearances will be established in terms of what can a 
be justified considering the relative importance of the water, railroad, and high- 
way transportation involved and the over-all costs. It may be important, — 


as in many port areas, that certain bridge clearances be kept high or that — j 


— 


movable ‘spans will be ‘unjustified and where adjustments will be 

expected of the small quantity of watercraft, “even to the extent of hinging 


we 


Urban areas have been growing rapid! ily y at the ‘expense 


and never returned. _ This shift in population has some interesting and im-— 
portant: aspects. “ Many people have been moving to or locating in the suburbs, © 
which also has been a marked trend. However, urban: redevelopment ‘and 
renewal developments are making headway and are again making various Ph | 
centrally located urban areas attractive. This is comparatively a lesser ‘veda’! 


a than that toward suburban living. This tremendous suburban development, 


involving not only residences but huge shopping centers, has created severe 
iia 


_ transit problems. When cities | were closely knit, transportation by streetcar a 
or other public transit vehicles served city areas efficiently and economically. 
‘Boienr; the dispersion of population involved in the suburban changes has” "a 
. made it t difficult, if not impossible, to serve such gigantic areas by public trans- 
 ~portation with frequent service and low fares. rapid growth of highway 
- 4 traffic has created problems as to provision | of traffic } arteries and terminal 
_. Another metropolitan area characteristic is the multiplicity of governmental | 
agencies, which constitutes one of the stumbling blocks in developing proper : 


“The Interest of the Bureau of Public. Ronda,” Walter Kuryl, is in Clearances : 


— > Walter Kurylo provided an interesting example with respect to the naviga- 
tional clearances of bridges.* Under old regulations developed when condi- 
— _ tions were greatly different, clearance requirements under bridges on navigable oe 
= sis gttreams were set to safeguard small quantities of watercraft with little re- 
as % _ gard for highway transportation. High bridges are usually costly, and, if the % 
a a _ bridges are open for ship passage, highway or railroad traffic is delayed. Before ™ a 
the construction of such a bridge, people in highway transportation have often 
— __ indieated how unreasonable such costs and delays would be but to no avail. _ Bs oe... 
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‘ Nyaa Rosen. of these and other difficulties there is a great need for better co- 
. ordination of transportation. Although progress will be slow, it is believed — 

that conditions will force advances in coordination of planning of metropolitan 
‘transportation. ». The problem is being recognized increasingly practical, 


baw Gilman* has presented the views that The Port of New York (N. Y.) Au- 
thority has taken on various matters. Many are not directly port matters, but | : 
' relate so vitally to them that The Port of New York Authority (not limited — 
by inadequate physical boundaries) has given these matters thorough study. 
There are other examples of the growing interest in over-all transportation. 


At Northwestern University, at Evanston (Ill.), there is a new 


‘ 


4 


= who will have positions of top responsibility i in one form of transportation will a 7 
+. M need to know more about the other forms of transportation. They will then 


_ organization as well. ~ One objective of the center is to be @ major source of i in- : 
formation where comprehensive reference resources are available to F 
_who wish to study various transportation matters. It provides train- 
ing to help produce more effective transportation administrators and staff 
specialists. This center will have a significant impact on the whole field of 
. _ In Detroit (Mich.) transit ; vehicle needs a are considered in the planning of 
freeways. That may seem an ordinary example of coordination planning, but 


iti is really an important one. In fact, there are many places where i in the evolu- 


points would be off the freeway. That concept poses additional planning and Me 


consideration should be; given n toa few community pat-— 

_ terns that are producing improved metropolitan coordination of transporta-_ 
tion. In Pittsburgh the Allegheny Conference on Community Development __ 
has evolved. The conference is impressed with the great importance of having 
a better-integrated program for transportation for the metropolitan area and pai 
is working effectively toward that end. How did this organization come into y 

, - ‘Leaders of the metropolitan area of Pittsburgh decided to form ‘an 

- organization which would rise above all differences, complications, and political _ 

jurisdictional problems. dl They would appraise the major needs of the over-all E. 


| area, decide ‘on priorities, and then find suitable solutions. The Allegheny 


® Conference on Community Development was the name chosen for the resulting : 
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tion oO 1€ Ireeway pian there has been no adequa consideration transi 
needs of the area and how the freeway plan might help meet them. In Detroit 

arranted in connection with a projected expressway, suitable facilities 4 
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< Parking facilities have been greatly improved a as a result of niawe stimulated — 
by: the Allegheny Conference. Other major needs in the field of transportation _ 
a “have also benefited from its leadership. The procedure is to find the most % 
competent specialist or specialists available for consultation and to devise, S 
in cooperation with governmental authorities, the best plan and program 
for correction. The conference assures that persons having large financial 4 
_ interests in the future of the Pittsburgh area want and will support these sound — : 
improvement programs of public officials. It has encouraged and supported 
aN wide variety of measures, including some important legislative ones. _ it 5 
eG xi The conference and cooperating public officials will undoubtedly produce, 
in time, a better-coordinated transportation situation. The greatest problem — 
_ is still public transportation despite the high priority given to it. This shows 
4 that some transportation improvements are not easy to achieve. ts “a 
mang _A quite different approach has been used by the San Diego (Calif.) Metro- 
Area Transportation Study. The city: of San Diego 1 realized the 


abe, 
= 


d area. A group of carefully chosen advisers competent in the field of inna 
tation extensively studied how best to solve the many complicated 

o make a thorough study and re- 
‘port was ‘It was s finally ‘decided to employ, on a continuing basis, 
= specialist in transportation who would act as a transportation coordinator 2" 
for the metropolitan area . Their individual selected is employed by the city of a 
— San Diego, but his job is to work solely on the metropolitan transportation — 


situation. numerous governmental jurisdictions in the 


ss _ There are good reasons why progress is being made. Plans for this activity Poe 
7 have been carefully laid with the continuing counsel of the group of specialist — 
_ advisers. There is no effort to hurry or to “railroad” ideas through without — 
_ regard f for the views of the many interested agencies. | The transportation « i 
a ordinator has a sensible ps pattern of objectives and plans for creating a coordi- 
- nated team consisting of assigned planners, engineers, and other specialists 
the various municipalities in the area, from m the state, from the 
__ Another part of the plan is a technical coordinating committee. This com- 
a? mittee is composed of departmental or division heads of the city - county, and 
i state, and also has representatives ‘of the federal gov ernment and of related or 
ganizations, such as airport managements, parking districts, and transit com- : is 
panies. Plans also include the public well and providing 


reviews: ‘that there i is no ‘established way, to | organize 
properly coordinated transportation planning. On the other hand, there ae 
ac indications that increasing numbers of persons in various metropolitan ie 
_ areas have concluded that a more effective mechanism i is essential i ‘in order to 4 
growing g needs. vi Concepts on this 1 matter are - evolving, thus providing. a - 
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| a their citizenry, and to provide the additional needed © power with the least _ 


‘challenge and an opportunity for engineers to participate in developing effective 


answers to these problems. 
} A key } problem i is that of suitable governmental organization in a metro- 
-politan area to produce effective action on transportation and other problems. _ 
_ In this connection recent developments ir in the metropolitan ¢ area of Toronto to 
(Canada) a are worthy of study. lo mi ater 
_ Communities in this area faced various serious problems—such as water a 
_ supply, sewage disposal, and transportation—which should be solved on a 
metropolitan basis. They realized that it would be most difficult, if not im- 
possible, to obtain the needed kind of broad thinking, cooperation, and coordi- 
he nation unless some improved governmental mechanism was ¢ devised which could — 
effectively cope with such problems on a metropolitan or regional basis. teobus: to! 
_ Various ideas were proposed to solve the problem. The Ontario (Canada) — 
Municipal Board deals with municipal problems in that province. This board 
considered various proposed methods for meeting the problem, acting in a semi- *: 
judicial capacity. One proposal, strongly supported by the city of Terento, * 
called for amalgamation of the numerous local governmental agencies into a 
single metropolitan | government. — The Ontario Municipal Board ruled against _ ‘4 ‘” 
this concept and decided instead that for purely local matters existing munici- ~ 
zy. palities should retain their complete jurisdiction, but that the Municipality of — a 


Metropolitan Toronto would have powers concerning 1 matters. of a metro- a 


 politan nature only. The municipality taxes not the public but the constituent 


_ municipalities. AS) to local matters, the intent of the board was to retain the 


good 1 that there is in local ‘government, | including » their closer contact with — 


possible complication of governmental structure through the creation of a 7 
_ There has been a considerable tendency in the United States, when a par . 
ie metropolitan problem i is encountered, to decide to have an area- -wid 
authority or board or agency, giving it special powers : to take care of that 
particular need . Thus, there exist water-supply systems, flood-control dis- — 
tricts, park systems, and sewage-disposal agencies. Because of the many Fey 


; a special problems of a metropolitan nature, one must anticipate having a con- me 


siderable number of independent, purpose agencies or seek another 


answer. In the case of the Toronto the ¢ decision was to create one over-all 


Municipality of Metropolitan Toronto will be well noting, not from 
the point: of view of f transportation, but also from at an even broader viewpoint. 


For many years the planning survey work of state highway departments has aS 


been based on fundamental factual information, the pattern for which was de- ao 
veloped in 1935. __ Although forward-looking leaders had long recognized the ~ 

need for such basic facts, it took many years to get these into effective use 
throughout the United States. — It is only n now that a parallel urban fact- < 

gathering program is being formulated although the highway transportation =— q 
Problem has has long be been | most severe in these areas. One Once. and to 
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use, such basic facts will help greatly not: only in solving | but in| 
- demonstrating more clearly the great need for much increased emphasis a 
_ metropolitan transportation. _ As more information of this sort becomes avail- _ 
q able and more attention is given thereto, it will become increasingly obvious if 
that there must be better integration and coordination. al 
been cited herein, indicate that there will e emerge. new idieaionsihiatit mecha- 
nisms and new operational methods that will result in far better transporta- — : 
be planning and coordination of such planning i in communities and [metro 
politan areas. Indeed, the growing problems of our mushrooming communities 
_ will force such action. Fortunately, there is a growing realization among» a 
= students and leaders of the need for integrated plans and programs. — There i re is. 
no established pattern for coordination of transportation planning, and the evo-- 
lation in area will be the result the ideas of the most 
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EVAPORATION FROM FREE WATER 
‘SURFACES AT HIGH ALTITUDES 


Discussion By Mussrs. Ronwer; Kennet M. “TURNER; 


Irvin M. Incerson anp JoHN W. SHANNON; anp F. 


bow to} baa old mont 
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ica ier In the western United States, losses due to evaporation from reservoirs and — 


lakes at high altitudes are of importance as an element affecting the net water , 


‘supply : available for the irrigation of ‘crops, the production of power, and mu- — 


nicipal and industrial purposes. Except i in unusual instances, the evaporation 


rate cannot be measured directly from large water areas. Thus, it is a common  -~ 
practice to Measure the evaporation rate of w water from pans, and, using 
efficients, a reduction is made of the pan evaporation measurement to the lake = an 
evaporation value. At high altitudes it is seldom possible to measure the 
evaporation 1 rate during the winter months because the water in the pans freezes. — - : 
paper presents data concerning evaporation of water in several western 2 
_ states, and develops a method of estimating monthly evaporation for the entire __ 
year from temperature measurements and other 


The storage of stream flow from mountain watersheds in reservoirs 


ef i ? made possible the development of much of the irrigated agriculture of the — 


These reservoirs help to prevent floods, conserve a water supply: that 
a otherwise might be wasted, and make possible the production of power. The ,. 
efficient design and later operation of a water-supply project is dependent o on cL 
an awareness of the quantity of water that is lost through evaporation. _ There 
are few instances in which the evaporation rate can be measured directly — 
ee or reservoirs because of the unknown elements at supply, such aslossesof 


‘Nora. —Published, as printed here, in Moveniber, 1956, in n the of the Irrigation 
Drainage Division, as Proceedings Paper 1104. Positions and titles given are those in effect when the paper 
discussion was approved for publication in Transactions. od¥ lo 
_ 4 Prin, . Engr., Western Soil and Water Management Section, Soil aad. Water Conservation a: 

Research Brance Service, U. 8. Dept. san Angeles 
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water entering or leaving the reservoir. Thus, research studies been nec- 


pn er pans and climatological data, which are ‘measurable, and that from 7 
lakes and reservoirs for which direct measurements are impossible. Most — 

_ of the > early studies on these relationships were made by the irrigation engineers ay 
a of the United States Department of Agriculture in in Colorado and California, - 
and coefficients were developed for reducing pan records to values of lake i 

evaporation2** From April, 1950, to August, 1951, a comprehensive inter- 
iy _ agency evaporation experiment was conducted by the United States Depert- 4 
idan - ment of Commerce, the United States Department of the Interior, and the 
__- United States Department of the Navy at Lake Hefner (Okla.).6 In 1955 the ; 4 
_ United States Weather Bureau reported the results of a study concerning evap- 
Although evaporation-pan records at low elevations are available for many 4 
a. areas s throughout the’ United States, d data on the rate at t high alti- 


have conducted evaporation studies at i high altitudes i in the Huntington Lake 


(California) area in c cooperation with an electric company. these studies 


“i the evaporation from pans is correlated with temperature observations for the 
purpose of estimating the monthly loss of water due to evaporation for the © 


t aul a4 


Data will be presented herein on evaporation of water from free water sur- 
face at high altitudes i in California, Colorado, New Mexico, and Utah; a pro- a 


< cedure for estimating the » evaporation rate from cli matological data is outlined a + 


— for cases for which no pan records are available. __ ] 


i review of the literature indicates that there is a difference of opinion as 


pm the effect of altitude or barometric pressure on the e evaporation rate of ‘water. — “- 
Field observations show that temperature | decreases as altitude i increases, ee 


[In 1905 the late Samuel Fortier, M. ASCE, and the Department of Agricul- 


ture, in cooperation with the state of California, conducted tests to determine a 
‘the effect of altitude on the evaporation of water from a water: surface by 4 ¢ 


ration from the Surfaces of Water and Riverbed Materials,” by R. B. Sleight, Journal of 


ge ‘Eva 


Agricult 
from Free Water Surfaces,” by Carl Rohwer, Technical Bulletin No. 271, U. 8S. Dept. 
= of Agriculture, Washington, D. C., 1931. Mis TO 
_ 4“Evaporation from Water Surfaces in California,” by Arthur A. Young, Bulletin Nos. 54 and 54-A P+ 
Div. of Water Resources, State of California, Sacramento, Calif., 1947 and 1948. joceidl— ut 
“ Water-Loss Investigations: Lake Hefner Studies,” Professional Paper He. 269, Geological 
8. Dept. of the Interior, Vol. 1, 1954. 
*“Evaporation from Pans and Lakes,” by M. A. Kohler, and W. E. Fox, Research 
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measuring the depth of water that ‘was vaporized from a series of pans whose 
diameters were 22 in. _ The pans were placed on the ground at different eleva- — 
Ef tions on the eastern slope of Mt. Whitney (California).? The mean daily pan 
evaporation measurements and temperature recordings for a twenty-day Ail 
‘The results show that the decrease in evaporation was more related 
ps to a change in temperature than to one in barometric pressure. The close. yi 
relationship of evaporation and temperatures i is shown in Fig. 1. The rate of ip 
evaporation decreased uniformly from an elevation of 4,515 ft to an elevation 
of 8,370 ft, and then the rate decreased more rapidly t to ane elevation of 12,000 © 
At the summit of Mt. Whitney, the evaporation pan was exposed to winds 
from all directions, | in contrast with those on the lower eastern slope, and, — 
shows a slightly higher rate of evaporation. 
eye At the Irrigation Field Laboratory established by the Department c of Agri- 


culture at Denver (Colo.) in 1915, research studies? were conducted on the ta 


‘TABLE. 1. Evaporation AND TEMPERATURES ON THE 


OF Mr. WHITNEY, CALIFORNIA 


Pore 


EA Elevation, fean daily temperature, 


Camp Tt «0.223 
Junction of South Fork and Lone Pine Creek... . .| 


Hunters Cum 


Mexican Camp 
= of Mt. Whitney 


‘walletion in the degree of evaporation from different of pans, and the 
x ~ results were extended to large water areas at an elevation of 5,200 ft. Theco- _ 
for reducing pan evaporation measurements to lake evaporation values 
ni were determined** 8 for sunken pans, which were 3 ft deep and whose diameters -- 
oa varied from 1 ft to 12 ft. _ These studies were interrupted in 1017 by World — 
War ‘The writer re-established the station in 1919 and continued the 
“ae for one season as well as lysimeter studies on evapotranspiration by 


Additional intensive studies of the evaporation problem were begun i in 1923 


. by the Division of Irrigation of the Department of Agriculture, i in cooperation iy 


_ with the Colorado Agricultural Experiment Station at Fort Collins, Colo. (El. 
5000). this investigation a reservoir which was ft in 


iy ter of 12 ft closely approximates the evaporation rate from a larger body of : 


ies 


“Evaporation Losses in Irrigation, 


3 * Discussion by R. B. Sleight of “Evaporation on United States Reclamation Projects,” 
Houk, Transactions, ASCE, 
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poll Intl the period from 1928 to 1929, a poe was 5 made of the effect, of altitude on 
a evaporation by observations of daily evaporation froma pan and meteorological 
he factors at different elevations: Imperial, Calif. (68 ft below sea level) ; Fort 
Calhoun, ‘Nebr. (1,160 ft); Logan, Utah (4,778 ft); Fort Collins, (5,000 ft); 
Lake Tahoe, Calif. (6,300 ft) ; Victor, Colo. (10,089 ft); and Pikes Peak, Colo. 2 
(14,109 ft). A formula based on field observations was developed for com- __ 
_ puting evaporation for any a altitude up to 15,000 ft above sea level, provided 
mean barometer readings and data on mean air and water - temperatures, and 4 
mean vapor pressures and mean velocity of ground win wind or -water-surface wind 
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Fig. 1.—THe BETWEEN THE ALTITUDE AND THE EVAPORATION ON THE 
miles per hour are Detailed results of this study been pub- 
_ lished,? and they indicate that for similar meteorological conditions there is 


a definite increase in evaporation as the altitude increases. 

eet The results of preliminary analysis on evaporation at different pe 
_in California and Nevada are shown in Fig. 2. Fig. 2 also shows the mean 
- annual evaporation from lake | or reservoir surfaces at different altitudes i = 
California and Nevada. Curve AA is a modification of a tentative graph 


based partly on data reported by rn . Harding, M. ASCE? For sites 


“Evaporation from Large Water Surfaces Based in California and Nevada,” 
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-BVAPORATION: 
Fig. 1 
2s of approximately 60 Weather Bureau pan n records and there 5. 
F _ data in the southern California coastal area. Ih the coastal area of Los Angeles 2 


+ _ (Calif.) County the annual lake evaporation increases from about 36 in. at the 


4 coast to ‘approximately 54 in. at 2,500 ft, as shown in Fig. 2. The annual ~~ 
= begins eee ee 54 in. at an elevation of 2, 500° scl to 35 in. 


BE 


o \ Lake Tahoe, Calif. a 


Pyramid Lake, Nev. 


co 


Crane Calif. ° 


Coastal areas. 


54, 


A 


Weather Bureau 

Class A pan, the Department. of Agriculture screen ‘pan, the Colorado land 
“pan, and the Geological Survey (Department of the Interior) square lll La? 

pan. usual coefficients for reducing evaporation | from these pans to 


00 


pan, 0, 70; the screen pan, 0.98; the Colorado land a 0.78; and the floating — : 


"Standard Equipment for Bvapers ration Stations: Final Report of Subcommittee | on n Evaporation « of ‘ 
= Special Committee on Irrigation ydraulics,"” Transactions, CE, Vol. 99,1934. 
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records. *¢ All equipment moved 2 miles south-southwest on July 14,1952, ts ed 


wey 


— 
— Daw | 1953 [ttt | abtie | atiz 6.30 4 ‘ 
— (5,536 5 | 10.94 | 9. 72) 611 
(2.78 | 1.20] ... — 
3.21 1.39 
5.52 | 4.00 
— 


€ 


al EvaPporaTION, WEATHER Bureau Pan, tn IncHES 


April | May | June 


© 
ous 


R BER 


= 
4 


re 
Utah Lake 
afT 


& 


4 


S388 

© 


nae 


£258 


t 
7,608 


= 


OND N © 


2 
Show & 
BSS 


Nene 
o 


ya 

7,625 


8,389 
8,288" 


B26 


a 
MAAN 
33s 


SBBs 


= 


o 
gree 8283 


poe 


: 


wt 
o Ne 


| 


act 


winds 


391 

— 
| 1952 — 

— 


The most commonly used pan for measuring | the evaporation rate from water 
— surfaces i is the Weather Bureau Class A pan. It is 4 ft in diameter, 10 in. 
- deep, and is set on a 6-in. wooden grillage in n order to raise the water surface 
_ slightly more than 1 ft above the ground level. | ~The coefficient ranges from 
0.60 for arid areas to 0.80 for humid climates, but a value ¢ of 0. 70 is usually ; 
used to reduce the } pan 1 records at high elevations to ~ equivalent reservoir al 
‘lake evaporation values" 
“a Observations of evaporation from the Weather Bureau pans were initiated 
gy just prior to 1905. ‘This type was used in 1956 throughout the United States 
% and Mexico and in other parts of the world. In the western United States, mea- 
_ surements are made by the Agricultural Research Service, the Bureau | a 
r Reclamation (Department of the Interior), the Weather Bureau, cities, and 
the state agricultural experiment stations in cooperation with other agencis, ; ' 
. 4 with some of the results: being published by the Weather Bureau. The ae 
of a few y monthly measurements at high altitudes in California, Colorado, New * 
Mexico, , and Utah are shown in Table 2. q 


CALIFORNIA Strupy IN HuntincTon ‘LAKE AREA 


1946 studies of the ‘evaporation rate at high altitudes in lakes. in the a 
Sierra Nevada Mountains near Fresno (Calif.) were begun by the division 
aa Irrigation and Water Conservation, the Soil Conservation Service, and the — 
_ Department of Agriculture in cooperation with an electric company. ie 
studies became the responsibility of the Western Soil and Water Management 
Section of the Agricultural Research Service on January 1, 1954. Class Hy 
Weather Bureau u evaporation stations equipped with ° Young 8 screen pans W - : 
installed at Shaver Lake (Hl. 5376), Huntington Lake (El. 6954), = tha 
Lake (El. 7345), and Kaiser Pass (El. 9194) in the Upper San Joaquin ag ll 
7 watershed. The water from the lakes , after being used several times for “ol 
veloping electric power, flows into a storage reservoir (Millerton Lake) jereated 
by Friant Dam, which was built by the Bureau of Reclamation and is avail 
able for irrigation by the. farmers i in San Joaquin Valley . The es evaporation — a 
“4 oof water from a Class A Weather Bureau pa pan and the temperatures have been 
measured by the Bureau of Reclamation at nome Calif. (El. 380), for many 
| The purpose of the investigation was to the monthly and the 4 
annual evaporation losses from lakes at altitudes ranging from 4,500 ft to 9,200 
“ ft. As indicated i in Table 2, it is not possible to measure the evaporation of 
Ww water from. pans during the winter because of the freezing of water in the pans a 
at these elevations. Thus, the problem of determining the — of eens “4 
tation during this period j is difficult. | q 
However, by correlating the monthly quantity of loss | due or. 
to evaporation, e, with the mean monthly temperatures, ¢, and the percentage — : 


of daytime hours, pf for a five-month period f from. June ore October at es 


a _ “Evaporation from Water Surfaces in California,” by Harry F. Blaney o-_ Gilbert L. nowy, Bulletin 
No. 64-B, Div. of Wate Resources, State of Sacramento, Calif..1065. 0 
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ra EVAPORATION 


writer during the Pecos River Joint Investigation during 1940 and 1941 from - 
records and related meteorological data at stations in New Mexico 
Texas. multiplying the mean monthly temperature by the: monthly 
percentage of daytime hours of the year, a monthly water-use factor, f, is a 
obtained, It is assumed that t the monthly evaporation losses vary directly a 
as the factor, 4 Therefore, « i in which f = t p/100 and kis the monthly 
- empirical coefficient computed from the measured evaporation losses and tem-— 
perature and from the he percentage of daytime hours. The relationship between — 
“the mean 1 monthly ev: evaporation and the water-use factor for the period from 
1947 through 1954 at Huntington Lake is shown in Fig. 3 and is based on data 
given in Table 3. An analysis of the data at stations in this area and for sta- 
- at lower elevations shows that the curve in Fig. 3 may be plotted as ss 


© Measured evaporation, Weather Bureau pan 


* Estimated evaporation, Weather Bureau pan 


— 


Monthly use factor, 


& 


Mean monthly evaporation from Weather Bureau pan, e, in inches 


E 
‘Straight line for the period from April to October, and that for the winter "te 
months the curve will be an ‘approximate straight line at a different : slope for aa a 
monthly pan evaporation of 1 in. or more. The monthly evaporation rate for 7 
the period f from November to May is estimated from Fig. 3 as shown in Table 3. 
At some of the stations, ‘measurements are being made of wind movement, 
humidity, and water temperatures as well as of pan evaporation and air tem- 
Analyses of these data have not been completed. 


G3 


A procedure. ‘ilar to that described for Huntington Lake can be used es 
estimate evaporation during winter months when only evaporation and tem- 7+ 


‘Consumptive Water Use and Requirements,” by Harry F. Bienen, Paul A. Ewing, Karl V. Morin, 
and ¥ Wayne D. III, Section 3, Pecos River Joint Investigations, Resources Planning 
tive Water—Definitions, Methods, and Research Data, by Harry F. Blaney, 
Trance, Vol 117, 1952. 4 
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TABLE 3.—Mzan Monraty AND Esrmarep EVAPORATION 
WEATHER BUREAU PAN AND EsTIMATED LAKE EVAPORATION, 
1947 TO 1954, Hountineton Lake, CALIFORNIA 
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August 


December 


January 
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MSS 


Measured pan evaporation. Estimated from curve. Reduction coefficient, 
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t= = mean ain monthi 1951 1954. Estimated by factor, 0. 


a 
— 
i, 
— — o7o | 20)... 100 
[March | 104 | 1156 | 429) 3000 
— | lit | 4274 | 400 | 
— November| 304 | 670° 
April | 543 | 10.14— 122 22.75 | 18.89 | 5.36 
tela 10.21 | 7.66 | 1. 1 | 27.94 6380 
P gi 7.70 | 3.28 | 0. 1.38 
aS |October | 50.1 7%. 0.80 1 


available | for summer months. 


ie compute monthly winter evaporation by the formula, e = k fe “This 


method i is in Table 4 for stations and and in 


(hi 


ig Estimated evaporation, Weather Bureau pan 


Jan.[Feb| Mar. Apr. May june Sully 


F 4 for Fort Collins. The lower curve in Fig. 4, plotted from data Ort: Ee 
in Table 4, shows | ‘the straight-line relationship between monthly pan 


November i... 3 ‘upper curve shows the ‘evapora 
tion by n months for the entire year. 
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DISCUSSION 


Cari ASCE. —Attempts to correlate the rate of evaporation 
with altitude usually | lead to the conclusion that other factors are more important Be a 
ae than altitude. The change in evaporation relative to altitude is more closel pies 4 
3 related to the change in temperature with altitude than to that in barometric a 
e: pressure due t to altitude. | _ However, : as 8 shown i in Fig. 1, , there i is no close rela- 
waporation. . Between Lone 
ie California (El. 10000), and Mexican Camp, California (El. 12000), 
S there is a drop in the average totaperature of 9°, whereas the decrease in evapo- Ee 3 
ration is negligible. Between Soldiers Camp, California (El. 4515), and 
a a Junction South Fork Creek, California, and Lone Pine Creek, California (El. fe ee 4 
mS baa 7125), the temperature is the same, but there is a marked decrease in the e 4 
rate of evaporation. These inconsistencies are probably due to the the fact 
the wind and the vapor pressure have an important effect: evaporation; 


these factors were not considered in the observations. 


The lack of a correlation between the evaporation rate ‘and the altitude i 


minor yr effect, and if the factors that directly related to 
S ‘ evaporation, such as wind velocity and difference in vapor pressure between 
3 tee ‘Iti is not intended to imply that changes in barometric | pressure have aid > 


x increased when the pressure is reduced . This principle is used to increase is)” aon 


1, ceaieameael in industrial processes that require the removal of excess liquids “a 
from products. The converse should also be true—increasing the pressure ‘ 


should decrease the However, it has been d difficult to apply rer 


In 1927 and 1928 the writer ‘conducted tests'* on the of on 


2 a? the rate of evaporation at various locations in the United States at elevations — af 
Fanging from 68 ft below sea level to 14,109 ft above sea level. These tests 
, = that when the effect of differences in wind velocity and vapor pressure was “ia 
a eliminated, the evaporation rate increased approximately 1.5% per 1,000-ft 3 


“tise in elevation. This effect is so small that it may be ignored the 


: may completely overshadow the effect of the differences in altitude. = 
Because evaporation observations at high altitudes are usually limited to the 
‘ice-free months, a method must be devised for making reasonable estimates of i a 
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During the period from 1887 to 1927, observations of evaporation were eunde - 
_ a Colorado buried pan, which had dimensions of 3 ft by 3 ft by 3 ft. 
_ The pan was set into the ground so that approximately 4 in. of the tank were _ 


above it. Observations of the evaporation rate were made during the winter >, : 
at times when the ice became free from the walls of the tank. The results 
of these observations are shown in Table 5, Col. 8, together with the data ~ 

| peated by the author for the period from 1947 | to 1954. In order to a. 


# 
Fort 


Leake 
evapora 
tion,’ in | evapora- 
| tiontin 
inches | tion?in | ‘inches | 


January 
February 
March 


ril 
4 


July 
August 
September 
October 
November 
December 
= Total” 


nore 
NO 


“er 
= 


a 


Mean monthl from 1951 to 1954 _ Estimated by reduction factor, 0.70. 
a ‘+ Estimated kf. ¢¥From 1887 to 1927. «Conversion factor, 1.13. / Equivalent lake evaporation con- — 


version factor, 0.78, for Colorado buried pan. j 


_ the equivalent Class A pan data (Col. 9) by using a conversion factor of 1.13. eo 8 
_ The agreement of the value | computed by the author for January through 


December with the observed values (Col. 5 and Col. 9) is apparent. The lake 
evaporation values computed by the author and those computed by the writer, & 


who used the Colorado pan data (Col. 7 and | Col. | . 10), are also in agreement. i < 
Because the records are for different. periods, a precise ‘agreement should not 


_ Kenneta Turner, M. /ASCE—A rational 1 method for extending 


> the seasonal pan records in order to obtain an estimate of the annual hl <= 


FAL 


Parameters that are commonly used i in the evaporation formulas, are tem-— 


perature, air movement, humidity, vapor pressure, solar radiation, and 


‘6 Agsociate Hydr. Engr., California Dept. of Water Resources, Sacramento, Calif. = 8 


. im the evaporation when the pan is covered with ice. The author has shown how q z 4 — 
can be done, and the results are given in Table 3 and Table 4. Dataare 4 
— 
‘ 
— 
TABLE 5.—Comparison or THE Estimatep EvApoRATION 
30.4 6.72 
340 | 671 — 
— 34.7 | 832 | 
46.0 | 897 
65.6 | 10.11 — 
— 
49.2 7.73 -@ 
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ON. EVAPORATION 
ri 
neasured at most of the 


at the pan, which is less than 2 ft above the ground, to a position that is several ae 
-‘Theonly parameter that i is measured under uniform conditions for a full year 
isth the temperature. Thus, the engineer is limited to the correlation of monthly 
- evaporation with temperature measurements for the extension of individual pan 
a records, and the correlation of reservoir evaporation with elevation at | 
_ stations to adjust the pan records to equivalent values for other locations. aya 7 


12 


e, in 


Calit, 


at Boca, 


ation a 


° 


8 
a 
2 
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“Fre. 5. 5. RELATIONSHIP Berween Monraty Pan a1 AND THE Mowratr 
Use Factor, 1940 To 1956, Boca, Cauir. data 
monthly mean temperature, as reported by the Weather Bureau, is 
the average of the recorded daily maximum temperatures and the daily min mini- — 
‘mum temperatures. Therefore, it can be described better as the average 
monthly median temperature. — This factor must be adjusted in order to relate 
it to actual heat units. The author has done this by multiplying the average 
4g monthly ‘temperature by the percentage of annual daylight hours and ‘then 
by dividing by 100. This. quantity, ¢ p/! 100, has been termed the “monthly | 


S16 


hs _ The writer is engaged in a . study of ‘the hydrology of the Truckee — 4 
Basin, the Carson River Basin, and the Walker River Basin. (These rivers 
ae in California o on the eastern te of the Sierra Nevada Mountains an 


evaporation-pan installations. When the pan record 1s discontinued in A 
— 
— 
— 
— 
— 
= 
ge 
— 
— 


TURNER ON EVAPORATION 


in Nevada, desert.) In this study the monthly use factor 
* been used successfully for both the extension of the seasonal pan records and : 
their adj ustment to uniform conditions by double mass plotting. — Some ex- — 
amples of the relationships are shown in Fig. 5 and Fig-6. 
| ‘Fig. 5, showing the correlation of monthly pan evaporation ¥ with the monthly 
use factor at Boca (Calif. ), demonstrates that although there is a wide scattering a 
+. of points there is a definite trend that may be reduced to an equation, y=a 
an bz, by the method of least ‘squares ‘The departure from the | curve of + 
30% of the measured monthly-evaporation values would limit the use of the 


"Accumulated seasonal use factors, f, at Lake Tahoe, Calif. 
= or accumulated seasonal pan evaporation at Fallon, Nev., in inches ar 42 


vite Versus AccumULATED MonTHiy Factors ror SEASON AND 


JuNE-SEPTEMBER PAN EvaporaTION AT Fauuon, NEV. 


_ monthly use use factors in estimating evaporation to the locations for which the a 
a ‘summer pan evaporation rate has been recorded. ‘ ‘At such sites the ‘missing 7 
- months represent such a small proportion of the annual evaporation that the - « 

evaporation and the wind-movement are ‘sensitive to changes 
a location and to exposure and changes in equipment. Thus, if it is necessary a 
to use long-term records, it may be ) necessary to reduce them to a common a 
basis by double mass ‘plotting. ‘Because evaporation stations are few and 
widely spaced, it is not always practical to plot the information against another ida 
In the ' Truckee River Basin, it was possible to plot the recorded 


cumulated monthly use factors “ 


is 
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. mass plot of the accumulated | 
4 pan evaporation versus the Saealiogl monthly use factors at Lake Tahoe 
pv investigations have indicated that both evaporation and tem 
_ perature are inversely proportional to elevation. Table 6 demonstrates wn 
«this relationship i is changed by other important factors. The reservoir ‘evap 
oration ‘at Boca is shown to be approximately equal to that at Fallon, ‘Nev., 


Dam, N evada, | is 26% greater r than that at Fallon , although the elevation differ- ; 
ence is only 235 ft. _ The average temperatures are similarly confused. The 
; temperature at Tahoe City is approximately equal to that at Boca, although 
TABLE (6.—AVERAGE ANNUAL Data For PeRrop 
1940 T0 1947000 


TATION 


i Lake Tahoe . : Experiment 


extended pan evaporation, in inches . 
Pan factor 
_ Estimated reservoir evaporation, 
in ine 
Average in degrees | 
Fahrenhei 


91.24 


Standard United States Weather Bureau pan. Pan by nats yield of 
; Lake Tahoe Basin with runoff of Truckee a manna Tahoe outlet and the California-Nevada state line. 
> Standard United States Weather Bureau _¢Standard United States Weather Bureau pan. Pan 


factor is computed by ‘reservoir -inflow-out ow ‘measurements, Ground pan surrounded by irrigated 


; there is an elevation difference of 695 ft. The average temperature at Lahontan 


Dam is greater than that at Fallon. The only variable that explains this con- 

— fusion i is the humidity. The Boca ond Lahontan stations are located on dry, 
‘sagebrush-covered hillsides. ‘The stations at Tahoe | and Fallon are loc ocated i in 
relatively humid conditions created by a 193-sq-mile lake and 70,000 acres of x 


Ss en selationship should be: established between the monthly use factor and the 


he by the Weather Bureau in connection with aircraft flight weather. and 


2a = for the same season. This method is considered valid because a min mg 
__in location or exposure would have little effect on temperatures rec 
— ‘= 
— 
— 
— 
— 
— 
— 
— 
4414 | 43.53 55.86 | 5246 
— 
— 
— 
empirical evaporation formula should include humidity and air movement as 
ES _ parameters as well as temperature. Such a formula should be developed in — 
— 


= development of an. empirical formula for computing reservoir evap-— 7 
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oration from commonly measured climatological data will require additional 
It is 3 suggested that the reservoirs of the Lahontan basin offer an excellent _ 
opportunity to study the evaporation i in relation to pan records and parameters 7 
& such as temperature, humidity, elevation, and wind movement. Boca Reser- 
"voir (on the Little Truckee River), Lahontan Reservoir Ae the Carson River), a 


and would be subject to reasonably inflow- outflow 
_ How the monthly use factors, as proposed by the author, may be used are 
i i . To estimate data for the months for which pan records are not : available 
where evaporation pans are operated during the irrigation season; 


2. To reduce pan evaporation record to uniform conditions by double 


mass plotting i in cases for which the records have been affected by changes in 
the type of equipment of minor changes in location; and | copied x ‘od asifiayt 
ae To compute the evaporation rate where pan evaporation is not measured. 
-_ ever, other parameters, such as humidity and air ‘movement, should be om - 
sidered in order that reliable results may be obtained. _ Inclusion of these — 


will necessitate further research. tlizzog ed ton digid 


M. 17 M. ASCE, Joun W. 
surement of evaporation from free water surfaces is a difficult and, 


as the author has 3 indicated, ‘particularly so f for sites at high altitudes. The use 


of pans, or of monthly mean temperatures, provides a means ¢ of 
evaporation from the water surfaces. Whether or not the monthly mean tem- 


‘peratures multiplied by the percentage of daylight hours adequately integrate 


all the parameters | affecting evaporation remains an interesting ‘question. = 


The writers believe that the size and shape of the lake or reservoir have a 


marked effect on the evaporation rate. _ The exposure and the aspect of the 
water surface in relation to the prevailing wind direction, the vapor pressure 


deficit of the air mass, and the turbulence of the wind movements are also 


- dominant factors i in determining the rates of water-surface evaporation, bey Un. 
-questionably, the proximity and direction of the locations of the pan or the 


_ temperature recorder in relation to the water surface would affect the correlation — a 7 7 


between water-surface and pan evaporation rates. 


ey Studies’? made in 1931 on Big Sage Reservoir i in n Modoc County near Alturas. =] 
er (Calif.) shows a definite relationship of the rate of evaporation to the size and 


if 
- e. a It seems logic al to: ) state > that the distance over water surfaces | across whi 

= must pass influences the 1 vapor pressure deficit of that air and, in time, 


decreases its absorptive powers. 


49 Prin. Hydr. Engr., Dept. of Water Resources, Sacramento, Calif. 
Land and Water Use Specialist, Dept. of Water Resources, Sacramento, Calif. 
#“8upervision of Diversions from Pit River and Rattlesnake Grok in Hot Springs Valley, Modoc 


County, ornia, Season of 1931," by I M. Ingerson, Div. of Water Resources, Dept. ; blic 
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has been shown that too data and observational 
 hewe been collected in and around relatively small water-surface areas. There- s 
a _ fore, the results have too often been assumed to indicate that the surface area ; 
a not a substantial parameter. The results obtained from Big Sage Reservoir 4 


_ show that water-surface areas that are wide and expansive introduce a here- — 


- unused parameter that involves the average radius or the width o of the aa 


water surface as measured in relation to the prevailing wind direction. nay Sey 
It is further noted that if the ordinarily used parameters affecting water- _ 
_ surface evaporation a are e projected into a determination of the evaporation from a 


"great bodies of water, such as the o oceans, the results would indicate such 


_ extraordinary quantities and such a deluge of precipitation over the land areas 7 
that the validity of of the values of the parameters used could be questioned. 


4 Therefore, in the cases of larger and more expansive reservoirs which are being a 


_ developed i in California, further investigations and observations should be made. 
—s- bbs suggested that the reservoirs in the Lahontan area, such as Big Sage 
; Reservoir, which lie on relatively impermeable beds, and the reservoirs or lakes ~ 


in the High Sierra, which lie on solid rock in glacial cirques, provide oppor- 


tunities to obtain accurate inflow-outflow measurements for determining 


is believed that until of full-scale measure- 
ment of actual reservoir losses is made, determining such losses, particularly 
at t high altitudes, will not be possible. 
‘Harry F. Buaney, M . ASCE.—The discussers have emphasized certain. 
facts that have added to the limited literature available. The writer agrees 
_with Mr. Rohwer’s conclusion that other factors influencing evaporation are 
a usually more important than altitude. | ; In estimating the evaporation, more 
attention should be given to factors such as wind velocity, water temperature, 


“ss tion of 32. ‘90 in. at Fort Collins (shown i in | Table 5), which | Was: based o1 on the — 
_ Colorado land pan record, is remarkably close to the 33.96-in. record computed — 


in Table 4. This agreement indicates that the formula, e = kf , yields reason-— q 


— able results. s. Corrections for the wind movement are minor when the averag e. 
i_% velocity does not exceed 3 miles per hr. The evaporation rate peti 

_ from the Weather Bureau type of pan and the air temperatures are influenced — 
by relative humidity and apparently counterbalance the e humidity factor in 


In Table 6 and in Fig. 5 and Fig. 6, Mr. ‘Turner has: the monthly 
factor in writer's formula to good advantage. However, the term, 
4 ‘monthly use factor,” ' show wn in Table 6 should be changed to “sum of monthly — 
oe use factors for the y ear’ ’ because the factors given are annual use factors rather — 
than monthly use factors. The pan factor of 0.80 for the Weather 
: a pan appears high for an arid climate; a factor of 0. 70 is usually used. A study 
- made by the writer at Silver Lake, California, indicates that a factor. of 0.60 . 
should be used in converting the evaporation from a Weather Bureau pan toares-_ 


| © Prin. Irrig. Engr., Western Soil and Water Management Section, Soil and Water Conservation — 
Research Branch, Agri. Research Service, U. 8. Dept. of Los ‘Angeles, 


and vapor pressure if these data are available. The computed annual evapo: 
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-ervoir-evaporation value in arid climates. Turner indicates that the hu- 
midity is the only variable, which explains the confusion between the semihumid 
‘and arid evaporation records shown in Table 6. The annual wind movement 
- - varies from 10,420 miles at Lake Tahoe to 23,930 miles at Fallon. The annual 
- wind movement should be considered in computing the reservoir-evaporation 
Tate. _ The evaporation rate determined froma Weather Bureau pan temperature 
4 ‘records automatically takes « care of some of the differences in humidity. | “Fig. 6 
_ shows a good correlation of the monthly use factor and the pan and evaporation 
5 at Lake Tahoe and Fallon. — The writer found a similar relationship | for Hunting- — 
7 ton Lake. Mr. Turner indicates that the formula, e. =k tp / 100, can be used to 
_ estimate the evaporation for the months for which p pan records are not veins, 


_ The method was used many times by the writer when monthly records were 


a © Measured monthly Weather Bureau pan 
| @ Estimated monthly evaporation, Weather Bureau pan, Huntington Lake 


ake, in inches 


Bureau pan evaporation, 


6 

4 


Huntin; 


Monthly Weather 


° 
at Friant Station, in inches 


CALIFORNIA, AND anD Monrsty Pan Evaporation at Friant Sration, CaLiFoRNt 
unavailable and when the annual acme rate was still needed. He does 
not agree with Mr. Turner’s statement, “ *** that any empirical evaporation — 
_ formula would have to include humidity and air Movement as parameters as 
_ well as temperature,” w when ar applied to semiarid climates. Mr. Rohwer has “Ae 
checked the writer’s computation of the annual evaporation at Fort Collins 
with a difference of only 1. 06 in. , The ratio between evaporation and tem- 
perature + at one station can be used to estimate the annual evaporation for 
another station having a similar climate. The San Francisco Bay investi- _ 
- gation® has demonstrated that the formula, u = kf, can be used to determine © 
an accurate estimate of the evaporation. Several good formulas have been 


"developed? that include wind movement, humidity, and water temperature a 


= 


om “Evaporation rey A at Silver Lake in the Mojave Desert, California,” by Harry F. Blaney, Trans- — > 
actions, Am. Geophysical Union, Vol. 38, No.2, April, 1957.00 


“Evaporation ition in the San Francisco Bay Area,” by Harry 
F. Blaney, sbid., Vol. 3 tober 
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BLANEY (ON EVAPORATION — 
88 well as the air temperature. The values for the average humidity and the 
water temperatures are often at available for areas for which an estimate of — 
_ Messrs. Ingerson and Shannon have mentioned that the size and shape of _ 


7 4 water-surface areas influence the. degree of evaporation. | Studies made in 1939 | 


“yo the evaporation from pans located at six different sites at the Morris Reve 


> 


— of about 25%. » 1 This variation was due to the air that the wind moved overthe __ 


pans. In one case the air coming from the Salton Sea area was moist, but 


coming from the uch vomor boew'anw. bodesm of 
_ The writer has used another method of estimating monthly winter -evapora- z 
tion at high altitudes. . The monthly « evaporation for the entire year at a 


lower elevation station is plotted against available monthly measurements 


. during the frost-free period a at the high elevation station. os F or example, ; a 
- straight line was fitted to the } plotted points from observations at Huntington — 
Lake (El. 6954) and Friant Station (El. 400), as shown in Fig. 7. An equa- 
tion (en = 0. 486 er + 0.41 = monthly Weather. Bureau pan evaporation) was 
3 developed for ‘computing the evaporation for the winter months at Huntington : 


- The assistance in senaities data rendered by Gilbert L. Corey of | . 


Western Soil and Water Managemen it Section of " Department of er a 


“Evaporation an of Salton Sea Water Surface,” Transactions, Am. Geophysical Union 
Vel. 36, No. 4, 1955. 
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_AN IMPROVED DILUTION METHOD FOR 


By WILLIAM A. CAWLEY,* J. M. ASCE, AND Jack W. Woops? 


“Tie 
A manganese dilution method for measuring the flow in sewers containing 


_ industrial wastes is outlined. Y An inexpensive technical grade of manganous _ 
_ sulfate was injected into the sewers, and the degree of dilution was determined 
- quantitatively by flame spectrophotometric analysis. It is felt that this ap- 
7 proach provides an accurate and relatively simple method for use with industrial 
problem of measuring ‘the flow in a sewer involved when ‘the 
a physical construction of the sewer or the pre presence of industrial wastes | wien the - 
affect the use of the more common measuring devices. This becomes intensi- _ | 


: fied when the classic chloride dilution method proves impracticable because of B ag 

- the high levels of chloride or other interfering ions in the industrial wastes. pee err ane 
, 3 An attempt to solve this type of problem involved finding an accurate ‘and 

rapid quantitative determination | that could be used as the basis for a Ly al 

: ‘method for flow determination. The required determination was for an ion 

that was not present in the waste in an appreciable concentration and that 
could be introduced into the sewers easily and economically. _ Experimentation 
with colorimetric methods proved 
too time consuming for practical application in determining flow. _ The litera- Ene 

7 ture indicated that flame spectrophotometric analysis could be applied, and = 
subsequent experimentation established that a technical-grade 1 manganous 


‘The feed solution was prepared i in a 55-gal ¢ drum for injection into the sewer i 


7 y = an air-driven barrel pump of the type used to transfer petroleum products. 


as printed here, in October, 1956, in the Journal of the Sanitary Enel 
Positions and titles given are those in effect when the paper oe 


_Nors.—Published, essentiall 
neering Division, as Proceedings ‘aper 1084. 
Was approved for publication in Transactions. 


San. Engr., Rayonier Ine., New York, N. Y¥. 
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in this study because of chloride interferences. Flame 
ia analysis was used extensively and quite successfully in the quality control — = 
_ laboratory. . The advantages that would be gained by applying this method of ; 
_ analysis to the problem prompted an investigation into the feasibility of its 
application. equipment was first used to analyze for the sodium ion in the 
salt-dilution method, which proved practical, but the sodium concentration in 
the waste was so variable that it eliminated sodium as a trace element. The A 
- advantage of m manganese as a trace element, as demonstrated in the colorimetric 7 
_ method, caused an investigation to be made of the possibilities of using it with _ 
flame photometry. The literature indicated that it was detectable with this — 7 
- equipment at the 0.1-ppm level, but experimentation showed that for practical 
purposes 50 ppm was the minimum detectable concentration. Field experi- ; 
ments established that concentrations at this level could be economically at- 


“@) This method combined the advantages of manganese as a trace element — 
_ with a flame photometer’s accuracy, simplicty, and relative freedom from inter- 
ferences. _ The flame photometer has an additional advantage in that, al- 
. w though the manganese and sodium may not be suitable for a trace element, — 
it can be modified to fit any element that is detectable by flame photometry. 
‘The results that were obtained checked closely with pumping r records and 
. 4 the computed quantity of waste from the various processes ; the reproducibility _ 
of duplicate samples was good. Because the quantity of waste from manu-— 


facturing processes, such as those that were ‘was never constant, 


The use of manganese as element and its detection by 


"photometric analysis conti accurate and relatively simple” method of 


AM 
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‘tests, the variation in eight of the tests was less than 4.2%; 
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ANCHORAGES FOR LARGE -TAINTER GATES 


ALEXAN _KENIG GSBERG,? 


» 


be 


single e tie “placed within the spillway p pier; (b) 
_ single anchor at the upstream end of the girder; and (c) the downstream end, — 
_ which is in a concentric grouping with the inclined side arms of djacent 
7 tainter gates, are rev iewed and compared with the conventional type. 


A novel type of anchorage for tainter gates has been developed in the 7 
Nashville (Tenn.) District by the Corps of Engineers, | United States Depart- ny. aa 
of the Army. is considered to be an improvement over. previous 
designs, and its basic features are presented herein. anes 
general, the versatility of tainter-ty pe gates been thoroughly 
tablished. Not only are the operating characteristics relatively elementary, 
_ because the basic requirement is a provision for hoisting a part of its dead 
_ weight, but the structural design of the moving parts of the gate is also relatively — 
simple. The bearing problems that are so troublesome in vertical-lift gates 
do not exist at the upstream end of tainter gates. Effective sealing is also 
_ easily accomplished . However, at the downstream ends, where the consider-— 
able hydrostatic thrust of modern large gates is concentrated at a . single point ; 
_ and must be transferred from the trunnions to the masonry piers, complex — 
‘Problems a1 arise in the load transfer. Although studies of 


Nore. —Published, essentially as here, in December, 1956, in the Jounal of the 
- and Harbors Division, as Proceedings Paper 1119. Positions and titles given are those in effect when the 
Beri or discussion was approved for publication in Transactions. 3 a 
tei Gv, and. Structural Engr., N: ashville Dist., Corps | of Engrs., 8. Dept. of the Nashville 
Tenn. 
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_ The engineering problems involved will be studied, the basic methods of 
| __ solving them will be reviewed, and the characteristics of the new anchorage _ , ae 

— 


The basic structural problem in tainter-gate-anchor 
efficient method of transferring the hydrostatic load on the gates from the 
trunnions to its optimum location in the masonry of the spillway. tts . 
_ The magnitude of the forces at the gate trunnions will | be examined first. 
The direct hydrostatic thrust is frequently 1,000,000 lb or more at each trunnion © ; 
_ for the size of tainter gates. When the gate arms are inclined, which, inci- . 
dentally, is by far the most economical a and preferred arrangement, approxi- 
mately one-third of this longitudinal force is converted into a lateral thrust 
Band, WwW Vhen th the loads from adjacent gates are balanced , their le lateral forces ar ia 4 
also balanced within the steelwork of the anchorage ; the transfer of the balanced — 


_ longitudinal loads to the masonry is a routine design procedure. — mawover, 


3 “under all loading conditions or at intermediate piers of the spillway, an seutaisle 
primary thrust acts on each trunnion pin. This thrust comprises a longitudinal a 


component of cama ted 1,000,000 Ib and a lateral component of about 


Asa of the built-in frame rigidity between the gate and 
side arms, secondary lateral forces are induced at the trunnions that sometimes __ 

‘add to the effects of the primary forces. However, their magnitude is not 

sufficient to affect design considerations. = = = 
Although the moments developed within the anchorage steel by the primary _ 
forces at the trunnions are absorbed within the anchorage steel, their magnitude 
is quite impressive and has an important bearing on anchorage design and pier 
arrangement at the downstream end. Because trunnions are basically canti- 
levered ‘supports, each 1,000,000 Ib of hydrostatic thrust becomes a 3, 000, 000- 

— ft-lb ‘moment on either side of the ordinary anchorage frame, assuming a 
_ minimum distance of 3 at from trunnion bearing to the embedded tension 

Ms ty The lateral components ‘ae the forces 0 on the trunnions are not the ¢ governing 

j factor i in anchorage design and are best provided for as near the point of their 
application as practicable for any type of anchorage ; therefore, they will be 
a considered further herein. The longitudinal of 1,000,000 Ib on 


_ either side of the pier is the principal force that must be provided for in design 
which is of primary concern. to hie Je 


ire 


‘There are only two basic methods of transmitting the hydrostatic thrust 


uses: an n intermediate or ’ transverse trunnion girder, has tes longitudinal tension 


~ members, which are near each face of the pier, bonded into the concrete lyi ing 
_ directly upstream of this girder. The other method, which may or may we 
a use transverse girders, has its tension members coated for a considerable dis- 
tance in order to prevent their being bonded to the surrounding concrete so od 
= their stress can be delivered to anchors embedded nearer the upstream _ 


The first method of fully bonded side -members is direct, economical, 
~ simple to develop, but it results i in applying the reactions due to gate thrust - 


near th the down downstream face of the pier. At this point its contribution to dam 
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stability is relatively small, and objectionable tensile stresses may develop 


within the mass concrete of the | pier. For these reasons this method of anc hor- 


ing is not generally considered with large gates. 
aa There are many ways of transmitting the water thrust on the gate by using 
j the second method, in which the side tie members do not part. with their 
pe stress until some predetermined distance is reached upstream of the trunnions. | 
‘There is also a great variety of major details of design in tainter gate — 
cj anchorages that have been | developed and used by the Corps and by both 
7 public and private agencies. _ This study will be limited to two main types " - 
of anchorages, ‘both of which have been used for large tainter gates that have 
been designed in the Nashville District. — The ordinary type of anchorage will 
fr be termed “conventional,” and the novel type will be known as the ‘ ‘single- 
ConvENTIONAL ANCHORAGES ‘ag 


‘The usual conventional arrangement, such as the anchorage frame shown \ 


= Longitodinal built-up ‘members, one near ea each’ face of the | pier, as the ‘means >. 
o of transferring the hydrostatic pressures on the gate to the upstream anchor _ 
blocks. * _ The trunnion girder is necessarily cantilevered outside the faces of 
2 the) masonry pier in order to accommodate the trunnion p pins ns and their bearing , 
> assemblies. _ Because of the resulting leverage, the reaction developed in the — 
side tension members when the gate loads are unbalanced becomes approxi- — 
a. mately 50% greater than the actual water thrust on the trunnion pin. ‘For the — 
permissible unit stress of 18,000 lb per sq in. and a trunnion reaction of 1,000,000 _ 
¢ the area of steel in each side member, for direct tension only, is thus i in- = - 
creased from the 55 in. required for. carrying the trust when adjacent gates 
are fully loaded to 83 sq in., which is required when the gate loads are un - 
- balanced . Consequently, a proportionate increase is also required in the size — = 
of the anchor blocks at the upstream ends of i the side members. The exposed = 
transverse girder, which supports the trunnion bearings and is preferably a box 
a type, is a sturdy member subject toa shearing force of 1,000, 000 lb; a a bending = 
moment of greater than 3,000,000 ft- lb, which is due to action; 


a and an axial compression of approximately 330,000 lb, which is due to the — 


another arrangement of ‘conventional design, the side tension 
of the frame, instead of single girders, consist of groups of bars that are wrapped - 
around, or otherwise jointed to, the transverse trunnion girder. _ The bars 
are oftee 3 prestressed in order to ) prevent thei r elongation under load and 
consequent objectionable movement of the trunnion girders. When built-up 
‘girders or groups of bars are used, the longitudinal tie members are coated for ye 
a considerable part, of their length to prevent their bonding to the concrete — 


a to insure delivery of their stress to the anchor blocks, which are upetcsan : 
in the spillway piers for optimum dam 


The usual arrangement of the trunnions for conventional anchorage 
a is to use individual pins set in trunnion hubs and adjustable bearing yokes _ 
at each end of the transverse girder. Vet gy 
For a complete realization of the existing conditions in these anchor-_ 


ages, it is necessary to observe that, in addition to the stresses due to frame 
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TAINTER GATES 


These are a result of the setting of the frame within the 
ae and, especially, because of the eccentricity of the vertical trunnion _ 
= reactions with respect to the trunnion girder during the period of gate operation. “* 
However, these stresses do not coincide with the maximum loading conditions 
The novel-type anchorage that was developed in the Nashville District was 
adopted for the 45-ft-wide-by-41-ft-high tainter gates of the Old Hickory dam 
af (completed on (18, the Cumberland River upstream from 
1(b) shows the arrangement, which uses a single longitudinal tie 
girder with a single anchor bl block at its upstream end placed centrally within — 
* the spillway | pier. - The water thrust on the gate is transmitted directly to the 
= center of the pier for optimum resistance for any condition of loading. It ce 
be noted from Fig. 1 (b) that the inclined arms of adjacent gates meet the | 
central girder at a ‘common point just outside its downstream | end. As a a 7 
>! result of the concentric intersection of the three members involved, their ad 
‘ stresses a are axial only under normal conditions of balanced loading, and the 
maximum total stress in the central longitudinal girder i is never greater 
that caused by the actual hydrostatic load on two halves of the adjacent gates. Ree aa 
A relatively short pin, extending through the downstream end of the center ms 
4 : girder, readily accommodates the trunnion hubs ‘of the adjacent gates and — 
_ delivers the water load directly from the gate arms to this girder. This method - 
- dispenses with the need for the heavy transverse trunnion girder, as well as the | 
“separate pins and their bearing yokes that are necessary the conventional 
_ When the gate loads are unbalanced , as in the case of. one gate being 
relieved of its hydrostatic thrust, the axial stress in the central tie girder i is 
only one-half that of the stress that occurs when the two gates are <i 
wl loaded, whereas it is one and a half times as large in each side member of the 
~ conventional anchorage. The sectional area of the single tension member is _ 


still fully utilized because it is readily proportioned to resist either the total 


partial loading. Consequently, no excess metal i is required for any keting 
condition in any part of the anchorage. . The outside anchorage of the end — 
gates is identical i in design with that of the intermediate that 


‘ 
“arms ‘will now be considered. When the components become 
& an unequal gate loading, the ‘resulting lateral force must be transmitted from r 
& e steel anchorage to the masonry 0 of the pier. _ Fig. 1(c) shows that this can Ps 
be accomplished most effectively by using a thrust block embedded in the 
concrete beneath the central tie girder directly under the pin where the thrust 
is applied. _ The underside location of the thrust block develops 


"stresses in the main girder. ii However, as in the case of the transverse trunnion — 


Girder of the conventional anchorage, the magnitude of the torsional, stresses i is 
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TAINTER GATES 


not in “design. Furthermore, it is resisted by the concrete fill 
_ placed in the box-type central girder after the anchorage has been set in place. 
_ The central tie girder is prevented from bonding to the concrete for the a 
-“Jownstream section of its length ‘as are the side members of conventional — 
: anchorages. W hen elongation occurs under stress, the underside of the down- : 
for this purpose in the the top 


‘Fig. 1(c) shows a superposition of the , side ‘elevations of the two types of — 
anchorages. At the downstream end, both the masonry pier and the steel 
anchorage « are materially | shorter for the novel design than for the conventional — 

_ design. The anchorage designs shown in Fig. 1(c) were developed in detail 


CONVENTIONAL ANCHORAGE NEW ANCHORAGE 
| 


con Anchor block Anchor block 
stress value=1.5 stress value 


stress 


Stress value=1.5 


be 
bas 


Masonry pier 


pier : 


value 


“er 


dal 


stress value = 


bod {j pj 


aX Reduction in pier 
above 


above ancno 
runnion pin 
¥ Thrust 


Trunnion girder ~~ value= 0.33 J 


& for a project having tainter gates 40 ft wide and 26 ft high. ‘The estimated — 
weights of steel for the g ‘ga ate anchorages of this project are approximately — 


“18, 000 lb for conventional and 9,000 Ib for each 


4 gates that have side parallel to to the of the 
piers. Although the economy of materials and the simplicity of fabrication 
are not as great as in the case of the anchorage with inclined gate arms, the 
7 - structural merits of a single tie member, single anchor block, and single thrust 
block located along the longitudinal center line of the pier are fully preserv ed. 
Tesults of a comparative study of the two types, of anchorages 


ol summarized i in . Fig. 2, which illustrates schematically their fundamental ~) 
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over-all” simplification improvement of structural characteristics; 
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‘TABLE 2. TAINTER-GATE 


New A ite) 
New w Anchorage 


ESIGN FEATURES 


C. 


1 (center) 


Compact, structure 


a 


Large, both above and below an- 


difficult due to rein- 


forein and side girders ‘4 


size, H. 


in feet pounds 


| 


Masonry Voiume anp Placement 


a 


 Pasricatton HANDLING AND 


Simple 


Smaller, both where: and below 
—chorage 
Relatively simple placement at 


sides and center girder 


rostatic 
hAbyl, | thrust,in 


‘Total, Total, in | Per 1,001 Per 1,000 


~ of thrus 


25 by 37. 733,000 


Fontana Dam, North Carolina... . 


South Carolina 


Wolf Creek Dam, Kentucky...... 
Center Hill Dam, Tennessee... .. 


Old Hickory Dam, Tennessee 


BIC). auton. wie 


Cheatham Dam, Tennessee . 
4 


27 by 
41 


economy of rinterials; and a compact construction with lesser costs of fabrics: 
tion, handling, | and installation. ymacors 


“ai Table 2 provides a general index of the trend in tainter-gate anchora: 


atesi ‘sift 000,008 


design as engineered - different agencies for several random projects that are 


—— 
—— 
-- neering concepts, and in Table 1, which presents a parallel listing of several ; a; 
Z _ of their important features. Fig. 2 and Table 1 show that the novel-type | > 
Structural s Wweignt ratio..... 
Reinforcing steel, weight at an- 
Weert 
..--| 35 by35 | 1,840,000 | 72, 
Nortolk Dam, Arkansas obs 28 by 40 980,000 34,000 35.1 
| 37 by50 2,140,000 | 54,000 ph 4 
a. 
“<i a 


ise 


for the full length | of their side members, whereas others have side 


7 were estimated from available drawings and are believed to be substantially 


weights are given as quantity of anchorage steel ,000 Ib of hy drostatic 
i _ thrust on the tainter gate. Through the years, engineers have accomplished 
substantial improvement, , not only in in the e economy of materials, but in the 
_ Fig. 3 further demonstrates the fundamental differences between the two 


pes of It sh shows the trunnion arrangement of the novel single- 


« 


_ girder anchorage for two adjacent gates of the Old Hickory its as viewed | 


from the tops of the spillway piers. 20 


The over-all merits of the single-girder ‘gnchorages have been confirmed 
by the successful installation and operation of the six tainter gates of Old 
Hickory Dam, where they were subjected to full head on January 7, 1957. 
The estimated savings effected because of these anchorages were approximately 
$90,000 for this installation. When economy is added to the superior operating 
characteristics of tainter gates as the final consideration in determining 
i - type of crest gate to be used for any particular project, the new anchorages 
_ materially enhance the advantage of tainter gates in regulating reservoir levels. sf 
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SrePHEN WEARNE*.—In planning the power intakes for the Macagua No. 
4 hydroelectric plant in Venesuela « on the Caronf River, & paper and discussion 
of Dow A. Buzzell,? M. ASCE, concerning the greater t use of tainter-type gates 
was of considerable interest. An intake design was developed for the Caronf — 
River using tainter gates whose face area was 10 m by 11 m. The hydraulic 
development and the model tests of this intake design have been described by 
“aa With reference to the author's paper, the anchorage design for the Macagua 
; No. 1 project wa: was controlled by the need for structural e economy, but the whole © 
project was scheduled in a tight and all-important program. With distribution pe ; 
of the 600-ton thrust on each trunnion by heavy reinforcement into the mass-— 
‘concrete intake buttresses, A-frames rames of structural-steelwork members were 
adopted. The frames were to be supplied with the gates, and detailed designs 
were prepared by tenderers for approval. The preparation of tenders on these 
— lines progressed so that the gate contract would be placed late in 1956; the 
design, construction, and erection of the first gates were to be completed in two 


~years. It was considered essential that the large A-frames be supplied i in time 


for casting into the , buttresses during concreting because grouting of the frames 
into boxed-out cavities would not give the required intimate distribution of the © 

thrust. However, this scheme was reconsidered from the standpoint of ‘schedu- 

’ ‘ling, and it was concluded that there was insufficient time to develop the design 

of the A-frames and order, fabricate, and ship them. 

alternate arrangement was therefore designed with the trunnions 

~ mounted on plate | grillages, “composed of a pair of heavy plates. coupled with 

bolts. The plates were in the plane of the buttress faces and distributed the 
force to the reinforcement, which was arranged so that the grillages could be 


erected and grouted after the buttress concreting, ifnecessary, 
ALBXANDER H. 5M. ASCE.— —Without drawings of the te tainter- 
type gates for the power intakes of the Macagua No. 1 hydroelectric scheme in 
Venezuela, it is difficult to ) comment on Mr. Wearne’s examination of the gate 7" 


7 ba anchorages used. It appears that the substitute arrangement that was used _ 


instead of the original anchorage design, which was similar to the conventional pz i 


type, is not an n optimum from the standpoint of transferring applied loads” 
through the constituent parts of a structure to their ultimate supports. Fa dae * 
‘The statement, “* * * the trunnions mounted on plate grillages,” implies — 
“that the entire hydrostatic thrust of ‘approximately 300 tons on each Geniien, 
instead of 600 tons, is transmitted to the grillages through bolts in shear and y 
a ; bending. Secondly, “* * * the plates were in the plane of the buttress faces” 
implies that a considerable part of the thrust i is applied through | the edges c of 


2Site Engr., Nuclear Power Plant Co., Bradwell, Essex, England; formerly Caronf Section Sir 
William Halcrow & Partners, Cons. Engrs., London, England. *he 
aa * “Recent Trends in Hydraulic Gate Design,”” by Dow A. Buzzell, Tissiinitiinis ASCE, Vol. 123, 1 1988. "a 
_ 4 “*Macagua No. 1 Intake Design and Model Tests,” by H. H. D. D. Morgan and J. S. Burgess, Cong. of the 
International Assn. for Hydr. Research, Lisbon, July, i957, 


* Civ. and Structural Nashville Dist., of Engrs., ,U. 8. U.S. Dept. of the. Army, Tenn. 
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by bolts” distributed the foree the 

absence of a solid metallic member between these plates and the consequent . 
transfer of the balance of the water thrust through the bolts by bearing on - a 

_ masonry, which ‘necessarily takes place prior to the interception of the force 
_ Fig. 2 shows that both the conventional anchorage and the improved single- 
- girder anchorage transmit the water load on the gates directly to integral anch- | 


: orage frames and, through their embedment, into the mass of the spillway ’ 
developed applied to several projects by 
the Nashville District and functioned 
 Parallel-Arms T Tainter Gates. for 4) j 
a brief reference, anchorages for parallel- Ay 2 
arms gates were not mentioned inthe paper. = &!: 
order to” amplify the treatment of the 
mubject, the deleted section yn will be included gel 
‘require a clear opening with the gates raised, _ 
their side »rms are placed parallel and as near are 
practicable to the faces of the spillway 
4 piers. Fig. 4 shows an arrangement of the trunnion 
‘snchorage. when such gates are involved. 
The axially stressed triangular frame at the (a Thrust=b/h 


to the central tie girder in axial sirens. 
procedure is similar to that shown in 
A Fig. 2(6), except that in this arrangement no flexural stresses are developed i in 
—_ _ the girder even under unequal loading on adjacent gates. - When such loading © 
- conditions occur, the unbalanced horizontal forces are transmitted directly into _ 


es the pier masonry by the two central thrust blocks indicated on the diagram 


ae without affecting the purely tensile stress in the tie girder or its Magnitude, Jn 
which is the applied hydraulic thrust on the gates. In all other respects these 
are similar to the basic type shown in Fig.2(b),} 

OM _ Mr. Wearne’s interest in novel anchorages is appreciated, together with the : 
em y his discussion has afforded to examine parallel-arms tainter gates. | 


- 


— 
418 __KENIGSBERG ON TAINTER GATES = 
—— _ the plates by bearing on the outer facing of the concre buttresses. Thirdly, “y a 
— 
a 
— 
| 
— 
— 
q q 
— 
j 
— 
— 
— 


AMERICAN ‘SOCIETY OF CIVIL L ENGINEERS 


be Paper No. 2928 ob hire ofl 
= 


al 


¥ When water in a free-flowing stream is impounded ir in a large storage reser- 


voir, changes in the physical, bacteriological, sanitary-chemical, and mineral 
quality of the water are produced. Although most of the changes result in a — 
= generally improved water quality, eave specific qualities and downstream — 
water uses may be . adversely affected. A wide variety of observations made on b 
reservoir waters in the Valley are presented and summarized herein. 


study i in the southeastern United States than in the past. Every state in this " 
; area is re-examining its water-r -rights laws to determine i if changes are desirable -— 
That the total supply of water is limited is beginning to be realized—it does not > 
grow as the need for more water grows. This realization is accompanied by 
_ the natural impulse of every individual to take steps to obtain at least a share 
of the available supply. Many ‘conflicts in water use exist, and, obviously, 
. more conflicts will develop. A relatively new and growing use of water in this } 
area, spray ‘irrigation of field ‘crops, has already produced some conflicts with — 
other uses and potentially ¢ can produce many more. % This use is largely con-— 
sumptive because of evapotranspiration losses, "whereas most industrial and 
2 municipal uses cause the water to pass through various processes and conduits a 
before most of it, polluted to some degree, is returned to the water channel. 
_ One means of increasing the available supply of water throughout the world 
° 3 “i to prevent its waste during periods of high runoff by storing | it in Teservoirs. 7 


; = the storage ‘idea is not new, it is certain to have many new advocates r 


_ Nore.—Published, essentially as printed here, in Februa 1957, in the Journal of the Sanitary 
: Engineering Division, as Proceedings Paper 1171. Positions an titles aves are pera | in effect when the 
_-: paper was approved for publication in Transactions. 


1Chief, Stream Pollution Control Renting, Div. of Health a Satety, Valley 
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ith the immediate future. No “crystal ball” is needed to predict that the trend 


toward conservation of water must be accelerated. 
Because storage impoundments will inevitably become more numerous and 
_ will be called on to serve more and more uses and users, the quality of the water 
stored in, and released from, the impoundages will be under strict scrutiny to 
determine if it is suitable for the varied intended uses. Intelligent planning of 
the conservation and development of water resources requires that the advan- id 
tages and disadvantages of storage impoundments be fully understood with 
to water quality as well as water quantity, 
Fortunately, impoundments result in many improvements in water quality 
“4% in so far as most uses are concerned. _ However, some changes are detrimental _ 
4 for some uses. That is, reservoirs produce good. and bad changes i in cell 


water, ana the net effect is not the same for all users. 
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ue An examination will be presented herein of some of the changes in th 
physical, bacteriological,  sanitary-chemical, and mineral quality of impounded 


cal 


waters in the Tennessee Valley that have been observed over a period of ap- 5 
20 yr. The observed data have been obtained from ‘various 


‘The data presented herein have been selected to ‘illustrate ‘peal 
4. - effects of tributary impoundments, and some unusual effects are also included. 


_ An attempt i is 1 made to draw | conclusions and to state certain fundamental prin- 

& that are generally applicable for impounded waters. ae section is in- 


cluded on reaeration in downstream river channels of water released from the od 
aa The eastern half of the Tennessee Valley is shown j in Fig. 1. River profiles - 


of. most of the major tributaries in the eastern half of the valley are shown in — 
Reservoir volumes, | areas, ‘depths, and similar data for the 
cited herein a are listed in Table 


In the Tennessee Valley Authority (TVA) system, the reservoirs are > 
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power as far as as is consistent with primary purposes. The storage | reser- 
-voirs are operated on an annual cycle; they are drawn down during the late — 
summer, fall, and early winter to reach a predetermined minimum flood-control — 

- level by January 1. The pools are allowed to fill slowly after that date. As 
the probability of heavy, widespread, flood-producing rains diminishes with - 
the spring, the pools a1 are ery to fill gradually to their n maximum levels by a 
Because reservoirs are operated primarily to control floods, the storage 
projects reduce the Magnitude of high stream flows and raise the general le level As 
of low flows. Although the general level of low flows is raised, releases : are 
usually reduced over weekends, and, during other periods of off-peak power — 

Toads, they are reduced to the flow level required for downstream uses by 


municipalities and industries. If no such requirements s exist, the flow ‘is usually 
cut off completely on weekends in order to conserve water that can be used to 


The marked alteration of stream flows resulting from the c sunstenntions val 
< operation of a storage project is shown in Fig. 3 by 9 yr of flow records on the 
Bh dal - Holston River before Cherokee Dam was built, together with 9 yr of record a 


Puy SICAL EFFECTS ON WATER Quaury 2 


_ Temperature. —One of the outstanding physical changes in water quality : 

- prodused by a storage impoundment i is the lowering of summer water ee 

” tures below the dam. It is assumed that the power intakes at the dam are 
i in the pool as is the case for all TVA storage > impoundments. = a 
As striking example of the major r change i in summer water temperatures pro- 
ca ‘duced below a deep impoundment i is shown in Fig. 4 for Watauga River below © 
Watauga | Reservoir. fe The dam was closed on December 1, 1948; the first — 


release was made late i in August, 1949. ‘Fig. shows water temperatures 


- for local surface runoff below the dam are shown for the first | eight months of 
i the year. As the releases from the dam were started late in August, water 
temperatures at Elizabethton immediately dropped approximately ee 


1° . During the summer of £950, water temperatures averaged approxi- 


‘4 “from Watauga Reservoir during the late summer allowed water temperatures to 
. a Tise to nearly normal for local runoff. — In the summers of 1952 and nd 1953, water 
Since 1950 weekly observations of temperatures ‘of releases at Watauga 
Dam have shown that the water there rarely exceeds 12° C, and then only late . 
4 in the fall, as the s supply of still colder water becomes exhausted from summer 
draft through the low-level power intakes. 


‘The observations in ‘Fig. ‘5 for for Cherokee Reservoir in 1945 illustrate the 4 


thermal stratification in storage reservoirs. These data were obtained by the 
‘Hydraulic ‘Data Branch of the TVA under the direction of Albert 8. Fry, 
_M. ASCE. As shown by the data for March 1, 1945, the pool at that time 
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contained water in the narrow range of from 8° C to 11°C. There was little 
thermal stratification because temperatures were nearly uniform from the 
% ‘Teservoir surface to the bottom. By April 3, the warming inflows and the 
: ‘direct heating of | the pooled water by the sun and atmosphere had ae 
considerable thermal stratification. June 6, a definite thermocline was 
established near El. 1020. Because stratification beginning in March or April 
~ stops the vertical circulation that exists all winter in storage pools at these lati- 
tudes, draft from the low-level power intakes removes cold water from near the r Zs 
level of the intakes. As the supply of cold water at the intake level is ex- 
-hausted fr from the pool, warmer water from above e sinks down to occupy the 
vacated space and i is, in turn, discharged from the pool. By this process s the 
a - discharged water gradually warms up during summer and fall. For Cherokee 
| Reservoir | in 1945, this gradual warming is illustrated in Fig. 8(a) to be pre- - 
sented subsequently. Early i in April the discharged water had a temperature 
_ of 12°C. The temperature rose steadily as the supply of cold water was gradu- om : 
ally exhausted, and by the middle of September the temperature of the dis- 
: charged water had reached 25°C. The temperature profiles in Fig. 5 indicate i 
that the water in the range of from 21°C to 24° Cis at level on 
Iti ith 4 
is s possible to predict water temperatures at releases months ahead during — a 
_ the summer by (a) obtaining a reservoir temperature “profile’’ such as one of a 
those i in Fig. 5, (0) estimating the volume of releases for succeeding months, 
: and (c) by use cel. an elevation-volume curve for the pool to compute succeeding 1s 
ia jee of cold-water draft from the level of me intake upward into the 


the foregoing it is evident that the extent the temperature 


. 7 of the discharged water rises in the late summer and fall is a direct function of _ 
a the rate of draft on the available supply. A heavy draft on a relatively small 
supply of cold water will obv iously ‘exhaust it rather promptly, whereas a large Te 
- supply with a : rate of draft will supply water of winter — all 
Cooler : in the fall (beginning in 1945, for 
oe” Cherokee Reservoir) result in a cooling of river inflows to the pool faster than — 
the great mass of pooled water can be cooled. As a result, the inflow to the 
~ pool ceases to ) flow into the upper levels and begins to flow down the old river _ 
sa bed under the pooled water as a density current.? Finally, by the middle of — i 
the entire Pool it is short-circuited by the density underflow. Such” 


ar ire cooled down by progressive vertical ‘circulation to ‘the temperature of the. : 
inflow. After that occurs, complete vertical circulation continues all winter | 
due to diurnal temperature changes and to | wind action on water that has little oll 


_ ‘The temperature aspects of reservoirs are treated rather fully herein i inas- 

much as most of the other changes in water quality are controlled to a great 

extent by the 1 mechanics of storage and flow through the pool. An understand- 
is sg Sw. Effects of pane Currents in TVA’s Integrated Reservoir and River System,” by A. 8. 


Fry, A. Churchill, and R. A. Elder, Proceedings, Minnesota International — ics Convention, : 
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irae is ‘finally Michanedl from the reservoir is fundamental to an under- 
standing of all other water quality changes that result from ‘impoundment. — : 
| The power intake of Fontana Reserve oir, which is the deepest pool 


7 


water temperatures at the taken at monthly intervals 1945 

and 1946; these data were supplied by the Hydraulic Data Branch. The - 
CSS solid line in Fig. 6(a) and Fig. 6(6) indicates the filling and drawn-down 7 
cycle of this multipurpose impoundment. — _ As spring progresses, W, water at 10°C 


aes out through the power intakes. It should be noted that in each year 
how the surface of the lake reached 28° C for a few weeks in midsummer. 
Afterwards the surface of the pool cooled off gradually, but the temperature © 
of the water r being discharged continued to increase until middle or late ge 
By that time, cooling from the surface reached the depth of the intake, and, 
thereafter; the temperatures of the discharged water dropped. The effect of 
the deep intake in « delayi ing the time of occurrence of the maximum temperature © 
_ Of special interest at Fo ontana Reservoir is the nearly 200- ft-deep pocket of 
- cold water below the intakes. For most of the year the water in was pocket i is 
“9 -. trapped by its winter density and remains perfectly still 
_— bottom levels of the pool. For a few months in the coldest part of the winter, 
vertical circulation apparently exists from reservoir surface to | bottom. 
Parksy ille Reservoir (Ocoee No. 1) i is a relatively ‘shallow | pool whose single 
7 _ purpose is to generate electric power. — _ As shown in Fig. 7, the pool level seldom 
fluctuates throughout the year. Although Parksville Reservoir i is only slightly 
- more > than 100 ft deep at the dam, thermal stratification is limited to a depth A 
of from 50 ft to 60 ft. This situation is caused by the location of the intakes — 7 . 
high i in the dam. — Water i in the lower 50 ft or so of the pool is trapped all 
& summer by its greater density and therefore maintains its winter temperature © q ’ 
“4 from one winter to the next. Water flows through ” pool all summer over — 
Many more examples. of the effects of reservoirs on water scranenatadiis ' are 
available, and some of them will be cited in connection 


Deep s storage reservoirs that release cold water all summer provide a great 
economic ¢ benefit to downstream industrial plants using river water for steam _ 
_ condensing and other cooling purposes. Ho _Howeve ever, this tangible benefit has not — 

yet received the attention it it deserves. — a ere 
| Turbidity —The effectiveness of storage re reservoirs in reducing turbidity is 4q 

so obvious that little discussion is needed thereon. The pools serve as tremen- 
_ dous settling basins, in which most of the e suspended matter settles out of sus- 
4 pension. ~ The pools are are especially effective i in reducing the turbidity resulting - ‘ 
- from intense summer rains of short duration. _ Only heavy, protracted winter 


rains produce relativ ely large volumes of of runoff relation to the 
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oa due t to suspended sediment has ever been observed to pass through any of the | 


For inflows and outflows to Cherokee Reservoir and Reservoir, re- 
spectively, Fig. 8 and Fig. 9 show how effectively these two pools reduce tur- ; 


of ‘Cherokee ‘Reservoir and Douglas Reservels in turbidity at the 

- _ Knoxville (Tenn.) ‘municipal water plant was cited, showed a 61% reduction 
3 average annual turbidities. Local inflow between the two dams and Knox- | 
ville undoubtedly produced much of the turbidity measured at the plant. 


4 Color.—Unpolluted streams in the Tennessee Valley are relatively free fr rom : 


color. Is fact any stream in the Tennessee Valley having sufficient ‘color (as 


>m distinguished from the muddy appearance produced by soil particles in sus- _ i 


a. -. pension) to be noticed by the casual observer i is almost certain to have ac- 


quired it from some form of industrial pollution. - Pulp and paper mills in the 
_ Tennessee Valley color many miles of natural streams and the waters of two 
major impoundments (Fontana Reservoir and Douglas Reservoir) to an objec 
fairly comprehensive study* of of the effectiveness of an in 
© 7 _ reducing color was made on Fontana Reservoir during 1948 and 1949. This 
investigation showed that in free-flowing streams the only means of natural 
- purification that is effective in reducing paper-mill color is dilution. The 
lignins and tannates present in the waste in a stream are relatively unaffected 
by the biological action that would greatly reduce most types of organic pollu- a 
tion. The study showed, however, that storage in Fontana Reservoir produced 
4 8 reduction of approximately 507% i in the color concentration over and above 
+ the effects of dilution. ~The reasons for this reservoir action are not. entirely 
clear, but apparently the bleaching action of sunlight on long exposure, coagu- 
lation and sedimentation, and biological | action combine to lower 
_Impoundments ‘ ‘smooth out” concentrations of ‘color carried. into” 
them. Low stream flows naturally show the highest concentrations. Ina 
reservoir these flows are mixed to v varying: degrees with the pooled water, 
7 resulting in the lowering of color concentrations. _ This equalizing action of an 
eine is important in many aspects of water quality. = ig 
an An unusual and interesting situation involving “color” developed i in Parke 
_ ville Reservoir in the fall of 1952. About the middle of September, local resi- 
dents noted patches of black water | distributed over the surface of the reservoir. 7 
Within a week or 10 days, the entire lake appeared to be filled with black ink. . 
_A brief investigation quickly revealed that the material producing the colora- 
_ tion was not entering the lake from the tributaries, nor was the color apparent 
to the eye in water samples collected a few feet below the lake surface. _ Miero- a 
— scopic examination showed that the color was produced by something in suspen- 
_ sion rather than in solution. Algae were suspected, and examinations of 


* * “Multi-Purpose Reservoirs Aid Downstream Water Supply,” by F. W. Kittrell and J. J. Quinn, 4 
“Natural Reduction of Paper Mill Color in Streams, . by M. A. Churchill, Sewage and Industrial 


Wastes, Vol. 23, No. 5, 1951, P. 661. 
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microcys' rstis, was the source of the apparent Local were 
advised of the facts and were told the water would clear up as soon as cooler aig 
weather arrived ; this prediction came true. Later it was learned that another | } 
— Great Falls Reservoir, in the Cumberland River dralange had 
shown the same type of coloration at approximately the same time. 
_ Such an event had not happened at Parksville Reservoir for many years, es 
nor has it occurred again (as of 1957). Apparently all conditions were just ia 
right for a bloom of that particular qraue of algae at that particular. time. iu 
Fortunately, such a combination of circumstances apparently does not occur — a 


Odor. —No major “tributary of a “storage in the Tennessee 


ss such qaqa pe volume of water that the odor becomes « dissipated i in the 
On the other hand, impoundment sometimes results in odors in the water 
ei discharged. Perhaps the most serious odor problem of impoundments is some- 
c times produced in local water supplies by algae growing in the pools. How- 
& ever, such problems from storage impoundments i in the Tennessee Valley have | 


been minor. 4 On the other hand, in water from reservoirs on the main ae ; 


due to the mold-like bacteria, actinomycetes) have been intermittent at water y 


me = Odors from the tailrace of a newly impounded reservoir can be a nuisance | 
to the local area for one summer, or possibly two. Below Nottely Dam the aS 


early releases contained enough hydrogen sulfide to darken the white paint on 
_ Late in the fall of 1936, following the closure of the dam in Norris Reservoir _ 
n March 4 of that year, water samples that were collected throughout several aes “a 
ticals near the dam revealed the p presence of hydrogen sulfide near the 
_ reservoir bottom in concentrations of as much as i ppm. Similar sampling i in ioe 
January, March, April, and May, 1937, revealed no hydrogen sulfide at any im _ 
a depth. - Samples in August, 1937, showed concentrations of less than 0.2 p ppm. 
Vertical circulation during the winter months completely aerates the water in vag 


even d deep r reservoirs (with one notable exception in the Tennessee Valley) 


such a an extent that any y existing odorous are released the 


and additional hydrogen sulfide vente m formin vee 


Storage impoundments i in the Tennessee | ‘Valley are just prior to 
an reservoir closure, of all trees and heavy | brush that exist in the zone between 
full pool level a and the level of maximum drawdown. ‘Trees: that t project 
into this zone are topped. Although the trees and brush are left (deep in the 
pool below the > summer thermocline) where they | tend to deplete oxygen | pad 


ay produce hydrogen sulfide, after the pools have passed through a full annual 5 
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From the; standpoint of sanitary engineering, storage impoundments are de- 


sirable barriers between upstream bacterial pollution and the downstream 


sites of water use. The greatest | reductions in “bacterial concentrations are 


evident in the water released during the period of thermal stratification inas- 
_ much as released water during this period has been in storage for several months. 7 

m Fig. 8 for Cherokee Reservoir shows that coliform concentrations per 100 ml in 

¢ the inflow during April, May, and June, 1945, were usually in the range of from _ 
1,000 to 10,000, whereas in the outflow concentrations were less than 50, except _ 
_ for one of the twenty-eight samples i in this period. — During July, August, and — 
"September, 1945, concentrations in the outflow were somew hat higher, reaching — - 
a maximum of 240 ppm per 100 ml. During October, November, and Decem- 
_ ber, concentrations in the. outflow were lower » being less than 100 ppm in all © 
samples. During January, February, | and early March, 1946, 
of retention were much shorter and water temperatures were lower than in the — a 
‘stratified periods, concentrations in the outflow were frequently in the range 


‘of from 100 ppm to 1 ,000 ppm, and one sample in this period showed 


coliforms per 100ml.” 


sampling station, in 


concentration, MP 
square miles 


| per 100 ml 


M4 4 area at = of coliform 


= River. 


544) 


+ om “The reductions noted for Cherokee Reservoir are undoubtedly much less a 


| 


= than those that actually occurred in water passing through the pool because Fs 
the untreated sewage from Morristown, Tenn., with a sewered population of he 
8 000, was discharged at a low elevation into Cherokee Reservoir 23 miles _ 
_ above the dam. The coliforms sampled in the inflow to the reservoir came 
Principally from K Kingsport, Tenn., a city with a a sewered | population of 18,000 
: located approximately 40 river miles above the head of Cherokee Reservoir; a : 
sewage-treatment plant for Kingsport i is at present (1957) under construction. 
a Fig. 9 for Douglas Reservoir reveals a reservoir effect on coliforms similar 
4 to that shown by Fig. 8 for Cherokee Reservoir. However, for Douglas Reser- a 
voir there are two other major tributaries, the Nolichucky River and the 
Pigeon River, in addition to the French Broad River. ‘The relative sizes of the 
4 three tributaries are indicated in Table 2, together with the arithmetic mean 
coliform concentrations found in each river and the mean concentration in the 
penstock at Douglas Dam for the year covered bby Fig. bates i aA 
iad From Fig. 9 and Table 2 it is apparent that est Reservoir reduces 7 
coliform concentration, on the average, approximately 99%. Naturally this 
‘5 reduction cannot be assigned to Beets, f rom the reservoir only, because a certain yt 
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Boone Dam 12 river miles upstream from the water-supply intake. Coliform ‘ 
dropped from an average level of approximately 6 per 
7 i. 100 ml for the period before the dam was closed to an av erage level of approxi- 
ae 600 per 100 ml since closure in December, 1952. The fact that the 
Bristol. (Tenn. -Va.) sewage-treatment plant went into operation in January, — 
1958, has not been overlooked. — However, the reduction in coliforms at Kings- . 
Au te that can be attributed to this plant is uncertain because samples near the | 


mouth of the creek Teceiving the Bristol plant: effluent: have shown n no or : 
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be substantially reduced. Fig. 10 shows a series of long teria (30-day) 
‘By 0.D.-curves for | water entering and leaving Cherokee Reservoir during 1952. 
As” indicated by the relatively low, 5- day B.0.D.-values “for the inflow, 4 
7 the inflow to Cherokee Reservoir is not grossly polluted, but, on the other 
_ hand, there is some degree of Pollution. _ Assuming that the inflow and outflow “a 
- samples are are typical, the long-term B.O.D. of the inflow is reduced approx 
mately by storage in the pool. 
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= notable reduction in coliform concentrations in the raw water of the 
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_ from April, 1945, to March, 1946, to be approximately 50%. Fig. 11 shows 


the variation in 5-day B.O.D.-values throughout the length and depth of a é. 
Cherokee Reservoir in the fall of 1943, 2 yr after the closure of the dam. Ea a 


Thsanghont the downstream half of the pool, B.O.D.-values did not exceed 
1.2 ppm. Because the great mass of water in the pool sampled late in Septem- 
ber and early in October had been in storage all summer, low B. 0.D.-values — 

"4 were expected. _ Many of the values are so low that the | accuracy of the B.O.D.- 


results are shown in Fi ig. 12. 33 These data are particularly ingerestitig because 
several 5-day B.O.D.-values deep in the pool in August and September exceeded 
‘4 dissolv ed-oxygen concentrations at the same sites. Iti is impossible to believe > 


been found. It is probable that no detectable change (on the average) in 
either B.O. D. or dissolved oxygen \ would have occurred i ina Sd 5-day interval in 
August and early September. The B.O.D. -samples were run at full strength; 
because some B.O.D.-values deep in the pool were in the range of 2 ppm, the 
results should be dependable. - A possible « explanation for this anomalous bites 


s thati in and setting the B.O.D. -samples, bacterial organisms 


that if sampling had been delayed | 5 days : zero dissolved oxygen would = 


‘These organisms may have been able to produce an oxygen depletion i in 5 


that the original organisms present could According to E. Theriault,® 


4 ‘nitrite formation may be inhibited when the dissolved oxygen content falls” 


below 2 ppm” in samples incubated 10 days or more. In the reservoir the 
water under consideration | had been ° “incubated” for several months; therefore, > 
undoubtedly the second, or nitrogen, stage of the B.O. D. was progressing 
slowly or had progressed as far as the low dissolved-oxygen values would permit. - ; 
Algae and other microscopic aquatic organisms produce some effects on the _ 
B.O.D. of reservoir waters. Howev er, no attempt has been made herein to 
4 evaluate these effects quantitatively. 
Dissolved Oxygen.—Storage impoundments with low-level outlets release 
water during the period of thermal stratification n that contains lower concentra-_ 

_ tions of dissolved oxygen than normally exist in the inflow. This is i aregi 
_ from the mechanics of flow through an impoundment, as cited previously. 
Due to wind action and diurnal temperature fluctuations, the surface layers of 

the lake, the epilimnion, down to the thermocline are mixed and aerated. { nd 
temperature drops rapidly through the thermocline, as does the: ‘dissolypd- 


q 


summer ‘progresses the thermociine sinks deeper into pool 
primarily because of the removal through low-level power intakes of the colder _ 
water of the hypolimnion, , and secondly because of the summer inflow of warm 
water that flows into the pool above the thermocline. The epilimnion thus 


_ becomes very thick by the fall of the year and may actually extend all the — 


_ way down to the level of the intakes. When the lower levels of the epilimnion — 


§ “Detailed for the Performance of the Dissolved Oxygen and Oxygen De- 
Tests,” by E. J. Theriault, Health Report No, 90, U. . Public Health 
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8 and Fig. 9 show redu 1 
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WATER QUALITY 
reach the intake, the in the outflow immediately 
increases. _ Fig. 5 shows the progressive lowering of the thermocline, and | 
Fig. 8(c) shows the sharp i increase in dissolved-oxygen concentrations in 
September, 1945, when the lower levels of the thickened epilimnion reached the w 
i. ® intake level. Fig. 9(c) shows a similar occurrence in Douglas Reservoir. _ - 
Te Because inflow to the pool during t the spring and summer normally enters 
above the thermocline, any pollution in the inflow is retained in the epilimnion — 
and aerated therein during the warmer season of the year. Thus, the upper 
pst layers of an impoundment during t thermal stratification serve as & natural — 
aerating device to satisfy at least part ‘of the B.O.D. of the pollution. tte 
In the fall, when thermal density underflows exist, the inflows are not. 
aerated because the water moves relatively slowly along the bottom of the ~ 
‘pool toward the low outlet. A slight. mixing of the underflowing waters with» 
the warmer water above prevents the dissolved oxygen in the underflow from 
_ dropping quite as fast as would otherwise occur. Underflows probably explain - : 
reduction in dissolved-oxygen ‘concentration in the late September and 
early October releases shown for Cherokee Reservoir in Fig. 8(c) and for 
Douglas Reservoir i in Fig. 9(c) 
As the pool continues to cool in the fall, underflows are sapped and ver ertical 
See rapidly raises the dissolved-oxygen level in the outflow. — During Al 
- the winter, vertical circulation, a lower rate of B.O.D. exertion due | to lower ; 
temperatures, and, usually, a higher rate of inflow (providing more dilution for x 
pollution) combine to produce dissolved-oxygen-concentration 
levels in the entire reservoir and the outflow. gto 
thermal stratification begins in spring, vertical ‘circulation is 


halted. Hwee pollution i in the lake waters below the surface layers proceeds to 3 


of ‘natural” | pollution included in surface runoff waters to lower the dissolved 4 
gen in the late-summer outflow to approximately zero. The foregoing is 
based on routine observations of dissolved oxygen made ‘on the outflow of Hs 

¢ several reservoirs in the Tennessee Valley above which there is no significant ‘\® 
a quantity of domestic or industrial pollution. — For example, the watersheds of 
y a Nottely Reservoir and Chatuge Reservoir have no contributed domestic or in- — 
ar 4 dustrial pollution, and the watersheds of Watauga Reservoir and Norris Reser- 
voir have m minor quantities. — Yet, in the midsummer of every year each pool 
at produces water that shows a dissolved-oxygen c concentration of less than 2 ppm. 
a a. In the summer of 1946, a series of verticals was sampled in Cherokee Reser- 
‘ voir with results as shown in Fig. 12. As indicated by the dissolved-oxy gen 


values i in Fig. 12, ox oxygen concentrations : appearing as late as May 9 were tainty 


creased to such an extent that near the middle of September, 4 ppm of dissolved 
oxygen were found as as deep as ¢ 65 ft and only ee 20 ft ft snore the top 4 


f th takes. 


4 
— 
— 
‘ae 
— 
“4 
— 
| 
— 
oxygen concentrations in the outiiow during the long period of thermal stratin- 
7 
\ 
q 
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WATER QUALITY 
samples was collected from the inflow and outflow of Cherokee Reservoir 
: with results as shown in | Fig. 13. Dissolved-oxygen | concentrations in the 
4 inflow were not found below 5 ppm, but were near zero in the penstock discharge 
In Fontana Reservoir, the deepest reservoir in the TVA system, dissolved-— 
oxygen concentrations in the outflow begin to decrease in May a and continue to 7 
Bie mse until late September, as shown in Fig. 6(d) for 1955. By late September | 
or early ( October there is little thermal stratification left above the level of the ; 
ij tay according to the years, 1945 and 1946, shown in Fig. 6, and oxy oxy rgenated . 
P waters from the lake surface are mixed into the lake as deep as the intake level. 
Because Parksville Reservoir discharges through high-level intakes, the 
a 7 @ dissolved oxygen i in the ‘discharged water remains high all year, as shown i in 
ro series ~" observations was made on Boone Reservoir in the summer and 
fall of 1953, as shown in Fig. 14. The temperature and dissolved-oxygen date 
were obtained from the Watauga River arm of the pool. The dam is located 
= the South Fork Holston River, to which the Watauga River i is tributary, © 


7 4 about a mile downstream from the mouth of Watauga River As shown by — 
the isotherms in the upper end of the Watauga arm of the nonl for July 14, the 
inflow (principally from upstream releases from Watauga Reservoir) was con- 
4 siderably cooler than the water in the surface strata of the pool . Consequently, 
a the inflow passed into the pool beneath the surface at its corresponding density 
ef level; this interflow will be described in detail subsequently. The Watauga 
arm of the pool on July 22 was filled with water below a depth : of f approximately ; 
4 ft with a low dissolved-oxygen content (zero, or nearly so). This exceed- — 
ingly low dissolved oxygen is primarily the result of industrial pollution i in the . 
- The graphs of Fig. 14 for October, 1953, in Boone Reservoir show a different | 
picture and dissolved-oxygen situation. In October the 
passed through the Watauga a arm of Boone Reservoir as a s a density underflow. q 
‘The odd shapes of the ee -oxygen lines for October 22 confirm the > 
“s location of the underflow. ‘The bottom strata of f water on October 22 showed 2 
higher dissolved-oxygen ¢ concentrations than water on the surface of the pool. a 
: This unusual situation is produced partly by the underflow of aerated but rok 
_ Juted water from upstream, and also by thi the fact t that rapid | cooling of the body — 
a mn of the lake occurred at the time the samples were collected. Low dissolved- 
sss oxygen water was brought to the surface from the middle depths faster than it 
: ws ¢ could be aerated at the surface. If the rate of vertical circulation had been 
4 slower, a as it would have been if the atmospheric temperature had not suddenly 
we tuined cold, surface aeration could have kept pace and such low dissolved-_ 
oxygen concentrations on the surface as 3 ppm and 4 4 ppm Would not have 
ie interflow into Boone Reservoir c cited previously i is s sufficiently important | 
to justify a more detailed tr treatment. Because the the interflow was actually traced 
4 inte the pool by observing | electrical resistance on water samples, it is necessary 
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review the which produced a mass 2s of water distinctive 
- enough in its electrical resistance to be identified in the river above the pool - 
and then followed into the pool as an interflow. F Fig. 15 shows discharges, 

- electrical resistances, and temperatures for two sampling s stations on the 
Tay River above head of Boone Reservoir ho: the period from 
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_ ‘Sharp, as is indicated for the flows on July 9 and July 10. Bistiete higher flows 
dilute the waste more than low flows, the resistance of the river water fairly 
close downstream from the source of waste varies approximately as the flow of _ 
: ‘ the river. For this reason the resistance graph for mile 23.0 is similar to the a 
a a hydrograph of flow at this site. On the other hand, water temperature varies 
Mv approximately inversely as the volume of river flow because the higher releases _ 
“4 are heated less by the sun, local inflows, and warm industrial wastes. In 
: travelling downstream to mile 15.5, the translatory waves of July 10 and J uly — 
12 moved quite rapidly, as indicated by the short time lag between the begin- 
ning o of rise at the two ‘stations. In the rise of July 12 the w vater itself did not — ‘ 


TEMPERATURE 


— 
Al 
miles downstream irom a source O! a fairly ‘constant How of industrial waste 
which affects the electrical resistance of river water into which it is discharged. 
a 4g ss Because the flow in this reach of the Watauga River is controlled to a large |hUrae 
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‘move so at mile 15.5 the highest on July 12 was 
P composed of low- resistance water that had passed the source of pollution at 

-mnile 25 at a low rate of flow and, thus, received a relatively heavy dose of poll- 

‘tion. This “slug” ” of heavily polluted water was followed into Boone Reservoir _ 
an cae identified therein by its low resistance and by the time of its entrance. Ht 


of Boone Reservoir during a series of days in July, 1953. 
values shown for July. 8 and July 10 indicate the relative character of the water 

in the upper end of the pool prior to the entrance of the slug on July 12. — The 

rough outline of the slug followed into the lake i is identified on the charts by 

— short bars attached to the 8,000-ohm resistance line. By J uly 13 the : slug had 
—_ detached itself from the reservoir bottom, having hit a layer of colder, 

denser water at approximately mile 11 that it could not displace, and moved 
: 4a off down the lake at about El. 1360. On July 15 and July 16 the slug had be- 


come completely detached from the bottom, thinned down in the vertical, aa 


ae out: more laterally a: as the pool widens out, and it moved downstream | 

careful study of the 1 resistance of July 10, “Say 12, and July 
in Fig. 16 reveals that a mass of water having a resistance of 13,000 ohms > 


“mov red into the pool, flowed down to mile 10 and El. 1340 before it found its. q 
"density ew el (controlled primarily by temperature), and moved off at this a- . 


inflow to a pool seeks its density level and moves downstream under the ate 
ence of draft at the dam and inflow to the upper 
_ §mall impoundments with low-level power intakes, such as Fort Patrick 
Henry Reservoir on the South Fork Holston River, below storage impound- — 
‘ments are not effective in raising dissolved-oxygen levels in the inflow. Flow 
_ through such small pools during the summer passes along the bottom to the 


low-level outlets in the dam. Observations in 1954 on Fort Patrick Henry ; 


7 Boney emphasize ce certain in notable factors; selected parts of the 1954 observa- 


tions are shown in Fig. 17. 


Dissolv yed-oxygen and temperature profiles of April 29, May 1, d May y 2 
at the top of Fig. 17 illustrate what happened to the dissolved- “Oxy gen c concen-— 


ta — _ trations in the upper end of this small pool when inflow was cut from 3,400 


cu ft per sec throughout most of Thursday, . April 29, and d Friday, April 30, to 
zero at 11:00: p.m. on April 30. C Inflow from Boone Reservoir remained cut off 
through the weekend to 8:00 a.m., May 3. _ As the profiles indicate, dissolved 
oxygen concentrations in the inflow on April 29 were approximately 4 ppm. 
This dissolved-oxygen level was maintained in the underflow of cold water to. 


For Patrick Henry Dam. At this rate of inflow (3,400 cu ft per sec) the ~ 


underflow requires approximately é 3 days to pass through the pool with thermal- 

s stratification conditions similar to those in May. Because the inflow was cut 

a Friday night, the Saturday observations show that the warm water on the 

: _ surface of the main part of the pool | moved upstream in the > surface | strata in 
4 order to take the place in the upper | -end of the pool of the colder and denser 


| Fort Pate of the } previous day, which, on Saturday, slid into the lower levels of 
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from 4 ppm to more 6 ppm this upstream movement of surface 


— July, 1954, dissolved-oxy gen concentrations - in the inflow to Fort | 


' Patrick: Henry Reservoir were less than 2 ppm and less than 1 ppm in the | 
outflow. Oxygen concentrations were thus reduced in flowing through the 


7 pool by the action of residual B.O.D. in the inflow, the oxygen demand « of | 


bottom sediments, and a lack of reaeration in the pool. ‘2: 
— ’ oe By September, 1954, thermal stratification was much weaker in the pool, 
5 and, as a result of the decreased d difference it in the temperatures of the epilimnion 
and the hypolimnion an and to some increase in flow from Boone Reserv oir, a 
4 underflowing hypolimnion occupied a larger cross section than it did in May 


and July. However, there was no net reaeration of f the flow ti through the pool 
because dissolved-oxy gen concentrations were between 1 ppm and 2 ppm in ; _. 


the inflow and less than 1 ppm in the outflow. Five-day B.O.D.-values in the 
inflow to Fort Patrick Henry Reservoir throughout the summer of 1954 mei 
in the r range of from 2 ppm to to 4 ppm n most of the time. rity Sabdasi Joly s ; 

a _ When the power intakes are high in the dam, flow takes place through oat 
upper § strata of the pool, as indicated by the observations of June 30 and of | - 
September 20 to September 21, 1955, in Fig. 18 for both Cheoah Reservoir and 
Calderwood Reservoir on the Little Tennessee River below Fontana Dam. 
As shown by the upper graph in Fig. 18, there are two intake levels in Cheoah | 

Dam, both of which are fairly high. Flows: through Cheoah Reservoir 

Calderwood Reservoir for several days prior to the observations of June 30, 
1955, were fairly steady near 5,000 cu ft per sec. The lower section ‘(Qoelow 
EL. 1,175) of Cheoah Reservoir ‘was not used by the moving waters. sie 
average water velocity through the effective cross section of the pool in the 

_ reach from mile 55 to the « dam at mile 51.4 was approximately 0 0.15 ft per = 

-. based on approximate cross s sections and a flow of 5,000 cu ft per sec. . Th he 

mean velocity through the effective lower end of Calderwood Reservoir was ie 


high-level in intakes in n these reservoirs still has a winter temperature that is 


30: was 6.30 ppm, and in the tailrace, mile downstream, , the 
was only 7.20 ppm, or 72% of saturation ‘at the existing temperature. Below © 
Calderwood a of 7.6 ppm was observed, or 75% of 
By 20, 1955, concentrations in ‘the Fontana 
Dam outflow had decreased to 1.20 ppm in the scrollcase and 1.62 ppm in the ~ 
tailrace. There was appreciable reaeration through ‘Cheoah Reservoir and 
- _ Calderwood Reservoir, and below the latter a dissolved-oxygen concentration a 
of 5.90 ppm was observed. With the existing level of flows, it is estimated — 
t the total time of flow through both pools was days. reseration — 


had covered the » observations of =f 
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CONCENTRATIONS IN CALDERWOOD RESERVOIR, 1955 
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coefficient of of 0. 05 was computed the ‘two the coefficient was 
computed as the log. of the dissolved-oxy gen-saturation deficit at Fontana nea 
minus the log of the deficit below Calderwood Reservoir divided by 8. No > 
doubt most of the measured -reaeration relatively turbulent 
_ Observations on Apalachia Reservoir for flow 
through this small pool is by density underflow during the warm season of the 
year. A dissolved-oxygen concentration of 7.2 ppm was observed in the scroll- 
case of Hiwassee Dam at the head of Apalachia Reservoir, 7.35 ppm approxi- — 
2 a mately 100 ft downstream from the mouth of the draft tubes, and 7.38 ppm — 
about 1,100 ft farther downstream. change in concentration 
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through ie main body « of the pool, and at the dam the dissolved-oxygen con-— 
“centrations were 7.7 Ppm throughout the moving stratum. At the Apalachia 
powerhouse, 8 miles farther downstream, dissolved- ~oxygen concen- 
. ‘ae in the scrollcase were as low as 7.2 ppm. The apparent loss of about — 
| —_ 4 0.5 ppm may represent demand of slime materials known to exist on the walls” 4 


— 
— 
— 
J 
— 
q 
a 
— 
lals in the water. in 
di temperature fluctuations and by wind action. 5 


,* Int the surface layers | of the epilimnion, algae, through photosynthesis, are very 
effective in reducing concentrations of CO,, thus raising the pH. In the hypo-— 
& limnion the free CO, produced by bacterial metabolism is kept in solution by 
a Because algal use of CO. below the thermocline is relatively 1 minor and because ~ 
— little, if any, can escape, concentrations of CO. may increase to rather high | 
values in the — levels of a deep impoundment during periods: of thermal 
 -‘Fig. 12 is Pi the best available | ‘illustration of the changes in the con- 
: centration of CO; produced for Cherokee Reservoir. In the summer of 1946 
4 4 - the surface layers of water, toa depth of 55 ft on n August 29, showed high pH- 
" values (from 8.0 to 8.2), a total alkalinity of approximately 80 ppm, and ‘no 


; . the greater hydrostatic pressure existing at all points below the thermocline. : 


i” free CO. On August 5, concentrations of CO; as high as 30 ppm existed near — 


- _ the bottom of the reservoir. Values plotted in Fig. 12 are not as high because 
_ 7 _ the CO. was determined in the field by titration for the 1946 observations, and 

a certain amount of CO, may have escaped in the titration process. Graphic — 4 

i determinations® of CO.-concentrations based on the pH and total alkalinity i 

4 indicate that as much as 30 ppm existed, although the titration procedure in- — 

_ dicated only 13.5 ppm as a maximum. Near the bottom, pH-values of 6.8 | 
were observed with alkalinity values near 100 ppm. 


Additional data on the effects of impoundment c on n CO, ar are given in — 


‘StepGnp with N/ 44 sodium hydroxide t to the phenolphthalein end point. ~~ 
“Fig. 8(/) shows that in the water released from Cherokee Dam at ai 
River, mile 52.2, COrconcentrations i in the summer of 1945 were in the range 


determinations. While flowing downstream to Holston River, mile the 
,; graphically determined CO--concentrations were reduced to from 4 ppm to 
i 6 ppm. B Because the partial pressure of CO: i in the open atmosphere i is normally ra 
very low, most. of the free CO, in the ‘discharged water was released to the _ 
_ atmosphere. _Inflow to Cherokee Dam in 1945 showed that graphically deter- 
_ mined CO;-concentrations were a also in | the range of from 4 ppm to6 ppm. 
all Nitrogen. —Some interesting data on the effects of impoundments on the at 
various forms of nitrogen were | obtained from samples in, and downstream ~ 
from, Boone Reservoir. _ The inflow to Boone Reservoir carries a heavy load 
of ammonia from a n upstream industrial plant. The time of flow from the oo 
pant to the reservoir is so short that it precludes much. conversion of ammonia — 
to nitrites and nitrates in the open river. JW hen this waste enters the lower 
levels of the | pool ir in a density ‘interflow, as noted previously, conversion. takes 
place. _ However, when the available dissolved oxygen is exhausted, no more 
_ oxidation can occur until water is released from the Watauga arm of the pool a 
and has an opportunity to mix with the underflowing waters of the South _ 
Fork Holston arm. These waters ¢ contain dissolved oxygen, so that conversion } 
to nitrites and nitrates can proceed, assuming that there is a sufficient supply — 
of the nitrifyi ing organisms, nitrosomonas, and nitrobacter. 


; _ “Graphic Determination of Carbon Dioxide and the Three Forms of Alkalinity,” by E. W. Moore, 
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_ An unusual aspect of the foregoing | situation in the ‘Watauga arm of Boone ~ 
a Reservoir is that, although dissolved-oxygen c« concentrations in the lower levels 
were zero in 1953, the water in samples from the lower levels did not have a 
_ hydrogen-sulfide odor. This condition apparently exists because the carbona- 
— ceous demand of the organic pollution was satisfied by the available dissolved — : 
oxygen, and the nitrogeneous demand was biochemically unable to reduce 
=. sulfates to sulfides. The possibility also exists that if the available dissolved 4 
oxygen in the inflowing waters was not sufficient to supply the carbonaceous — 
_ demand, reduction of the nitrates that were present (by upstream cxidetien) 
would supply the necessary oxygen and thus prevent odors. 
_ It is apparent that an ammonia waste can pass through a reservoir and q 
still have a considerable oxygen demand, which would reduce the rate of net 
+ gain in oxygen concentrations in the open river below the dam. Any oxygen 4 
f int the nitrates and nitrites of the outflow would be available 
that might be produced by downstream organic pollution. of saw a 
Fig. 13 demonstrates that low concentrations of ammonia and organic 
Bm passed through Cherokee Reservoir in 1952. ‘There was some con- — 
- a version to nitrites and nitrates but not as much 1 as might be e expected. The 
_ concentration of nitrifying organisms may have been too low for any more con- 
_ version. However, no data are available to indicate the existing concentrations 


a Iron and M anganese.— -- —A question that is frequently raised regarding the 
ries awe 
ects of impoundments | on downstream water quality concerns the presence 
of iron and manganese. The answer is that, with one important exception, 
there have been no ‘significant difficulties i in downstream water ‘supplies below 4 


Tron and manganese in the soluble ‘(ferrous and manganous) forms cause - 


"staining in n municipal water systems. When these forms are oxidized to the 

ferric and ms manganic states prior ‘to filtration, the resulting particulate Jerne 
a can be filtered out. In an uncontrolled open river, any soluble iron and man- 
_ ganese brought into the stream in ground water is oxidized by the dissolved — 


a oxygen of the stream and is thereby converted to an insoluble ‘state, If the vi 


may be reduced toa soluble state. All iron and manganese in the water that 
is caught below the thermocline in ‘the spring, when stratification begins, is 

_ subject to being put into solution even though the particulate matter may 4 

> have s settled to the bottom of the pool. _Furthermore, any oxidized iron and | 
_ manganese that is. brought into the pool i in the warm season may settle oat of. 
‘ the epilimnion into the hypolimnion and thus be subject to solution. =» 

_ Fortunately for the water supplies of the upper Tennessee Valley area, 

“significant ¢ ommercial deposits of manganese are apparently limited to the 

northeastern section of the valley,® in the drainages of the Holston River and 


_Nolichucky River. These major deposits occur along the western front of the 
_ 1“Effects of River | Deve elepenent on Water Quality i in the Tennessee Valley, ‘by F. W. Kittrell 
F. W. Thomas, Journal, Vol. 41, September, 1949, p.777. 


“Industrial Resources 0 of Tennessee § State > Planning Comm., ‘Nashville, Tean., +» 1945. 
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Several areas have minor deposits, but they are 


"significant. deposits, however, are fairly widespread over the valley. 


itm might be expected from the distribution of manganese deposits and the 
of manganese mining and ore-washing operations that the most serious 
_ water-supply problem due to manganese would occur below South Holston 
Reservoir, with perhaps less difficulty below Boone Reservoir, Fort Patrick | a 
Henry Reservoir, Cherokee Reservoir, and Douglas Reservoir . To date 
(1957) the only significant problem has developed at the Bristol (Tenn. ) water a 
plant. This plant has its intake on the South Fork Holston River, 1 mile be- 
a low South Holston Dam and its powerhouse. South Holston Reservoir, when 
full, is 250 ft deep at the dam (Table 1). The power intake comes off the pool 7 
oats approximately 150 ft below full- pool | level, and 100 ft above the bottom of 
the original river channel at the dam. During normal operations: at South 
_ Holston Dam, water released through the single power unit supplies ee a 
use at Bristol. To provide for a continuity o of supply at Bristol when the tur- — 
. bine must be unwatered for routine inspection and maintenance work, a small 
 fixed-dispersion cone valve was installed at the bottom of the dam in the diver- 
tunnel used during dam construction to bypass the river. 

The dam was closed in November, 1950, and the low-level outlet was s not 
‘ne until February 8, 1952, for the first routine inspection of the turbine. | 
‘The water released was satisfactory fo for conventional treatment by the Bristol a 
‘plant. The second inspection was made during the period from October 25, _ a 
1954, to November 1, 1954. Operating experiences at the Bristol filter plant — 
are summarized from a letter by the filter-plant operator, Odell W. Gray: - 

eS “1. Saturday, October 23. The filter plant operators were notified by b- 

“TVA that water from South Holston Reservoir would be shut off Monday, — 

October 25, to Friday, October 29. The operators were asked to call TVA - 
_ for water in case of water shortage at the raw water intake and to call when - 7 ‘ 

the intake pool was fullin order not to waste water, 
ss #2, Wednesday, October 27. Water was low at raw water intake, 
3 = a pumps were pulling air. Pumps were shut off four hours. TVA was called i 
a for water. The water received was high in color, turbidity, taste and odor. 
The chlorine demand was 15 ppm. It was necessary to increase alum and 
chlorine rate of feed and start the application of activated carbon. 
—_--*,._ (a) Friday, October 29. Water was low at raw water intake. TVA . a 


= 


oo (b) At 9:30 p.m. evidence of presence of manganese in raw water noted 
by operator on duty. Six ppm manganese, and 15.0 ppm iron were present _ 
a in raw water. Concentrations in finished water reached a high of 2.0 ppm — 
_ Manganese and 0.1 ppmiron. The operators realized the chlorine feed con- | 
m4 trol apparatus could not supply the demand and so obtained a diffuser with 

= _ which they were able to feed an additional five pounds per hour by keeping — 
Re: cylinder warm. By the use of the additional chlorine for oxidizing and by - . 
op _ throttling the raw water pumps to 2 MGD in order to o' tain a rate of 30 
ppm chlorine applied, they were able to reduce the concentration 
2.0 ppm to 0.8 ppm in the finished water, 
“4, Sunday, October 31. Water was low at raw water intake. © - ae 
was called for water. At 4:30 p.m. manganese 5.0 ppm, iron 15.0 ppm in 
raw water. Manganese 0.8 ppm, iron 0.1 ppm in finished water. 
Re . Monday, November 1. At 2:00 p.m., manganese was 6.0 ppm (off 
and i iron was 3.0 ppm in raw water. ‘Manganese 0.0 0. 
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in finished water. ‘The t turbine at South Holston Dam was ‘operated 
™s vt “wale Tuesday, November 2. At 2:00 p.m., manganese was 0.6 ppm in 3 
raw water, 0.0 ppm in finished water. At 8 :30 p-m. manganese ( 0. 5 ppm 
in raw water, 0.0 ppminfinished water. 
8 ¢Rrom Tuesday, November 2, to November 11, , the operators had a nor- 
pice raw water with manganese concentrations of 0.2-0.3 ppm and iron con- 
“During the above period the operators had from 75 to 100 complaints 
andi inquiries concerning the water with variations of from a mere comment 
to threats to sue for damages. Many people suffered damages to wearing 
apparel, linens, etc. from the manganese stain which brought threats to sue. | 
City of Bristol, Tennessee, suffered considerable damage due to the 
a F aueargg chemicals used in treating the water. The experience proved to 
be most embarrassing to the City Commissioners as as well the entire 
a) When the situation at South Holston Reservoir was pital a series 
_ of water samples was collected from the pool just upstream from the dam. — onl 
on these samples are shown in Fig. 20(a). The extremely high 
tions of 50 ppm of iron and 18 ppm of manganese at the bottom of the pool q 


were at the same level as the low-level outlet in the dam 


At: the elevation of the power intakes, 100 ft above the bottom of the pool, J 
the iron and manganese concentrations were very low, as indicated in Fig. 4 


- 20(a) and Fig. 20(6). It is not known why the dissolved-oxygen concentrations 

were 80 low in the region of the thermocline and somewhat higher just below. | 
= algae and other decayi ing aquatic organisms, existing at least temporarily 4 
at this level of sharply increased density, may have been the cause, ora density q 
- initerflow of muddy water a week prior to the sampling may have been the reason. 

4 4 ~The lowest strata in the pool were almost devoid of oxygen, as s might be 


_ expected in the layer of soluble iron and manganese. The water samples col-— 


lected from near the bottom of the pool were murky but not colored. — _How- 
ever, , after being handled and after standing in the laboratory for a few days, 
the bottom samples acquired a typical, dense iron color, 
i _ Although t there were no more difficulties ;at the Bristol plant after normal ~ 
- discharges were resumed through the power intake, it was expected that as 
. 4 the lake began to circulate vertically to the bottom there might be a noticeable _ 
a _ increase in iron and manganese at the Bristol water plant; such an increase was ~ 


not _ More samples were collected from the reservoir on March 10, 


‘Gaomeltnets. high iron and manganese concentrations were still present in 
_ A total solids determination was run on all samples to determine why ver- 


was not complete at this of the year. The bottom 


_ the upper waters to attain even at the maximum regs temperature of 4°C. 
Hence, the lake failed to turn over completely. haw 


4 duced a on the that was more dense than it was possible 
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WATER QUALITY 


= s the TVA have consistently revealed that the water at the ellen of the lake 
; oy. 7 =. is slightly warmer than that higher i in the pool. . Because all water has a a. 
- perature of more than 4°C, the increased density due to dissolved minerals is 


probably the Teason for the warmer water staying at the bottom. 


nese concentrations of es much as 6 ppm were found near the ‘dam in the 
bottom of the pool below the level of the turbine intakes. . The manganese was 


probably slowly mixed with the upp upper waters during the following winter and 


_ discharged from the pool, and did not affect the downstream water supply. 


ad Fig. 8g) and Fig. 9(g) show one year’s experience with manganese in ‘the 
inflow and outflow of Cherokee Reservoir and Douglas Reservoir during the 

a period from April, 1945, to March, 1946. These results show the concentration 
- of total manganese and do not indicate how much is in the soluble reduced 
i form. Kittrell and —9 have indicated that reakpoint chlorination at the 


q ently precipitated some, if not all, of the manganese on the filter —_ 

ae Although Watauga Reservoir is geographically close to South Holston 

_ Reservoir, it is geologically well separated because there are no significant de- 
posits of manganese on its watershed. On July 7, 1949, a series of ary made 
7 7 taken throughout the entire depth of 230 ft revealed low concentrations of iron 

and manganese (Fig. 20(d)). An industry requiring no manganese in its proc- 


ess water is located a few miles downstream from Watauga Dam. No diffi- 


culties due to iron and manganese have been reported. 
= General —A storage reservoir has an equalizing, or smoothing, ‘effect on 


za. mineral quality i in general. Peaks and valleys of concentrations are smoothed : 


out so t that water of 1 more mineral ished by, results downstream. 


during: the p period of observations. ‘peak in the outflow 


136 ppm in October when there were underflows. 


Be There are substantial beneficial ‘effects of a reservoir on water hardness. 7 


; Runoff during | above-normal flows is low in hardness, as it is in all dissolved 
a, minerals, and much of this water is stored in the pool for later release. — The 


“4 relative volume of water stored during the low-flow period of the year, Fok 3 


q eedy hard ground water makes up almost all the inflow, is small by com- 
a parison. _ Water-supply intakes downstream from the reservoir are spared the 


— long period of high mineralization that usually occurs in the summer and fall, 


and instead they are e supplied \ with water of much low 


- There is little on rate at which deoxygen- 


water from impoundments becomes: reaerated i in river 
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1S Fig. 21 shows observed reaeration in the lower Holston River and the lower 

French Broad River in 50 miles and 25 miles, respectiv ely, of open-river chan- 

nel. + Local inflow i is small into both ‘Fiver reaches - No significant quantities 

of pollution are added in n the local inflow. The B.O.D.-values are indicated 
in Fig. — and Fig. 9(d) to be very low, being ordinarily less than 2 ppm in a 


these ri river —Itis known from actual observations’ that water 
at 7,900 cu ft per sec requires 24.5 hr to traverse wens 50-mile reach of a 


7 4 Holston River at an average velocity of 3 ft per sec. During the ‘Period of 


greatest dissolve ved-oxygen deficit at the dam (Fig. 21), the extent of reaeration 
was approximately 6 ppm in the 50-mile reach, starting near zero at the dam. . =a 
_ Although the pickup was 6 ppm, or slightly more, the water still lacked 2 ppm 


saturation for the ‘temperatures existing at the lower end of the 
ral ‘The « extent of oxygen pickup i in the lower French Broad River during Ae 
gust, 1945, was approximately 4 ppm, starting with 1 ppm at the dam, and 
saturation was about 8 ppm. Thus, there was a deficit of 3 ppm (almost 37% 
of saturation) still remaining at the lower end of the 25-mile reache 
whe Fig. 22 2 shows low- ‘water profiles of the lower Holston River ai and lower — 
French Broad River. The slope « of both rivers i ‘eal these reaches is approxi- _ 


mately the same—about 2.2 ft per mile. = 
_ Reaeration at 7,400 cu ft per sec in the lower} Holston River from September _ cs 


3 to September 21, 1949, progressed ‘rather uniformly from a site 0. 2 eo 
ee the dam (mile 52.0) to mile 1.8, increasing from near 2 ppm below the 
dam | to 6.4 ppm at the lower end of the reach. T he exact time of travel i is not es 


= 


in which Davai is the in the dissolv ebony concentration at A; i is 
ta the deficit in the dissolved-oxy gen concentration at B; and tag is the time, all 


In the lower French Broad River more details of the time of water travel are -_ 

* available, thus permitting th the computation of the reaeration coefficient for the 7 

night observations.of September 14, 1949 shown i in Table 3. 
. '\ Apparently the long, flat pools in the two reaches below Hodges ae 
ev en though they are connec ted | by sharp shoals at low flow, hold the reaeration 3 
coefficient to below that observed for the upper two vencheh, between the Doug- oy 

‘Fig. 23 (a) shows the variation in reaeration observed at a point in Holston 


_ River approximately 7 miles downstream from the dam during a 24- hr period 


§ Discussion by M. A, Churchill of “‘Translatory Waves in Natural Channels,”’ by J. H. Wilkinson, 
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“indicated 1 in the curves, low flows : obtain more | oxygen (on a ‘part-per-million 
TABLE 3.- —REAERATION IN Lower Frencu Broap RIVER® 


Dissolved oxygen, | Time of water Deaton 
in parts per million | travel, in days | — darkness) 


Bridge below Douglas Reservoir 
Kiker Ferry 


aa basis) than Stobart flows nialion the same ‘distance. This is due to the fact 

a that the lower flows require a longer time and have less depth, and ‘therefore 
less volume per unit of surface area, and that a. given particle of water can make 
more round trips between water surface and stream bed in the given river dis- 


= 


Location Mile | Time of water | 

travel, in days 


From October 4 to October 5, 1949, with a river flow of 1,000 cu ft per 


time shown by the increase in ¥ mile 44. 2 

: es at 10 p.m. on August 31, 1950 is noteworthy inasmuch as this in- 
crease wee caused by the low nas occurring at mile 44.2 between 6 p.m. . and — 

a.m, were produced by the 

Migher Rowe ‘around 10) p.m. The in the rate of travel of translatory 

_ Waves and of the water initially composing them is shown in Fig. 23(b). 
Reaeration in a short reach of the “upper Watauga River is rapid, as 
in Fig. 24 In the reach observed the is approximately 11 ft 


ae -. y flow. The dissolved oxygen varied between 5.85 ppm and 6.90 ppm, — 
tly due to oxygen added by algae during the daylight hours. 
a trasting with the steady-flow observations, data in Fig. 23(6) show the : 
a , reaeration in the 8-mile reach between Cherokee Dam and mile 44,2. 
— Mile 
«On September 14, 1949, for a river flow of approximately 12,000 cu ft per pest 

a 
4 
— | 
— 
R WatavucGa RIvER * J | 

—— 


per mile. During the observation period in October, 1949, Pe river flow was 
i Ps quite steady near 1,000 cu ft per sec. The rapid rate of reaeration and the in- 
crease in rate during daylight hours due to the addition of oxygen by algae are 
demonstrated in Table 4 . Although the dissolved-o: -oxygen concentration at the 
~ lower end of the reach was fairly high, with water at 12°C, there was still a : 
deficit below saturation of approximately 14%. to volta 
The foregoing illustrates the rapid reaeration produced by a turbulent 
‘stream flowing at a velocity of 2.6 ft per sec in the upper reach, 2.2 ft persecin 
_ the middle reach, and 1.6 ft per sec in the lower reaches. The night reaeration — 
coefficients are roughly proportional to these velocities. 
Still higher reaeration coefficients have been observed on the Little Tennes- 
_ see River below the Calderwood Dam powerhouse, as shown in Table 5 . The - 
q = of the river is not quite as steep as for the upper Watauga River, being — 
about 9 ft per mile through the reach studied, but the river is wide and shallow a 
_ even at the observed flows of 7,000 cu ft per sec. The width varies between _ 


1 600 ft and 1 200 fi ft, and the m mean depth at 7 ,000 cu ft per sec is on the order - _ 


ft in the narrow sections and 1.5 ft in the wider reaches. Water 


me 
TABLE IN LOWER TENNESSEE 


Location 


“iy 


s 


or 


if * From September 7 to September 8, 1949, with a river flow of 7,000 cu ft per sec. 


vary from 3.2 ft per sec in the deeper reaches: to 4.2 ft per sec on the broad a 


lent riverisan 
‘ideal ‘aerator. With such high coefficients a could leave a powerhouse 
— with 1 ppm of dissolved oxygen (a deficit of 8.6 ppm at 18°C) and become re- a a 
aerated to within 1 ppm of saturation within approximately 2} hr, or in a dis- 


tance of 6.3 miles at 3.7 ft per sec. 1. 
W ater r released through | low- -level power intakes from de deep storage viet - 
ments during the summer months is considerably cooler than that flowing in — 
local unregulated streams. This cool water is of great economic benefit for — _ 
condensing and other _ cooling purposes. The released water is less 
turbid and usually has less color than that in unregulated streams of the area. 
caused by algae are practically nonexistent. 
_ Bacterial concentrations in the released water are normally less than 10% © 
of concentrations in the ir inflow. This great reduction i is of benefit to 
downstream domestic water supplies, 
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concentrations the outflow during the summer months 
are normally far below saturation. The B.O.D. of the released water is also 4 

low; therefore, the rate of reaeration below the dam is relatively rapid, being 
-unretarded by B.O.D. Low rates of released flow are reaerated in relatively 
: short distances downstream from the dam, whereas higher discharges require 4 

- many miles of open-channel flow before oxygen saturation is reached. | Single- 


_ ‘purpose impoundments having power intakes, or any other single-purpose in- — 


Bore high on the face of of the dam a discharge w: water ater having high oxygen ey - 


trations all year long. We wok ak ai 598 aa 119 T hits alts bint 


__Deep, thermally stratified impoundments located from sig- 


nificant deposits of iron ore or manganese ore may release, through deep outlets, 
water having relatively high concentrations of these minerals in soluble, u un- 
oxidized forms. en otiup Jon add to ecole 
‘The equalizing effeets of a reservoir on water quality are quite beneficial 
x... to downstream municipal and industrial water supplies because the range of 
“4 variation and the rate of change i in almost all water characteristics is signifi- 
cantly reduced, thus facilitating water treatment. j= 


The data herein cover a span of 20 yr — of 
several divisions of the TVA. However, the contributions of Kittrell Fry, 


4 Deviden, R. A. the initial preparation of the 


a illustrations. The writer is indebted to Kittrell and to Thomas M, Riddick, : 


M. ASCE, reviewing» the original manuscript a and for many helpful 
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FOREWORD 
By Curtis J. M. ASCE 
limitation or control of access to public highways is the major 


feature that distinguishes modern highways from those built earlier. Also, 
for the eve er-increasing numbers moving motor vehicles, it it is 


a heavy traffic flows be embodied in the design of highways currently 4 : 
g constructed. However, it is believed that the denial of the rights of those 


Saks public eg to enter on them is the fundamental Aeoae in the 


include atcess prohibitions states have had such favorable accept- 
of this Principle that exercise access control whenever land i is 


ar 


to ‘encourage a "greater use of controlled highway ¢ access in order to reduce 


- declaring certain existing highw ays to be freew ays. 


the obsolescent — pe of the highways needed for motor vehicle economy. — 
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HIGHWAY ACCESS 
7 
c Experience with t he New York State Thruway has shown how limited-— 
7 access highways can foster safety, save travel time, reduce wear : and tear on 
: Vehicles and drivers, relieve traffic on parallel roads, and promote great 
economic development of the area through which an expressway runs. Con- 
ct servative estimates credit the New York State Thruway with attracting at ‘ 
- Jeast $150,000,000 in new or expanded enterprises, with an annual ‘payroll — 
of more than $100,000,000. _ The fact that more superhighways are needed — 
- throughout the United States has been realized by the United States Congress, ss 
and legislation has been passed that provides for interstate ‘Mghwey fe. 


A ‘subject that has intrigued highway engineers has been on the i 

controlling highway access. However, 1 much of the thought has been 
= theoretical because the mileage of modern controlled-access roads" is 
small when compared ¥ Ww ith the total regu ype of the various s highway sy stems. 


-and-go driving, save time, ‘and reduce the wear and tear on the vehicle as well io 
cis as on the driver. There are many other advantages of the control of access, 
which have been the subject of conversations and ‘Papers. 


_ The works’ 8 longest controlled-access highway, the New York Sta ate — 


— that Gite the actual effects that the Thruw ay has exerted on the atte s 


economy, as well as its effects on traffic operations, have been observed. © 


is Some of the | factors that have resulted i in the construction of the Thruway 

and that have made its “operation 80 valuable to New York State should be 
considered. New York has the greatest population of the forty-eight states — 
and is second only to California i in the number of motor 1 vehicle registrations. » 
Tt has a diversified economy with a ‘tremendous concentration of industry, — 
commerce, and agriculture. It ranks second of all the states in the production — a 
of oy and apples; third in vegetable growing; and sixth i in hay production. 


e are 50,000 manufacturing firms of all sizes and types plus a tourist ” 


Nore. —Published, essentially as printed here, in the Journal of the Highway Division, in January, 1956, 
as Proceedings Paper 871. - Positions and titles given are those in effect when the paper was approved for _ 


Dept. of Commerce, Washing’ 
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HIGHWAY ACCESS 


greater increase in the use of the vehicles. — In October, 1955, there were 
= 385 miles of New’ York State highways, of which more than 8,000 miles were 
‘rated as less than tolerable. The Thruw ay is s not included in this evaluation 
because it connects with all the principal routes and forms the trunk line for 
the swift movement of people and goods across the state. 
‘The principal eas east-west highways a are Route 5 and Route 20 , and the major 
- north-south roads are Route 9 and Route 9-W. Much work has been done ~ 
3 these main n arteries i in n the at _ Howeve er, it became 1 more eand more > obvious q 


4 
‘the cost prohibitive, but it offered no permanent Along these 
_ principal routes, mushrooming roadside developments increased to a point 
_where the highways efficiently carried only a fraction of their original traffic 
_ capacity. Whatever safety features the highways originally had were dis- 
a. sipated by multicolored electric signs and accident-breeding marginal develop- _| 

ments. During 1945, New York State officials began a long-range program 1 
- of planning and building a system of arterial routes into and adjacent to | 


os 


cities to relieve the urban traffic problems. At the same time, the Thruway q 
was planned in order to link the two largest cities, New York and Buffalo, 
by way of Albany, Schenectady, Utica, Syracuse, and Rochester. 


er, As was the case in several other states, New York was forced to resort — 
to toll financing to construct the New ° York State Thruway. | This expressway. 
a aa. from Buffalo eastward to Albany and south to Nyack, crosses the 
_ Hudson River at the 3-mile Tappan Zee Bridge, and extends southward cn 
Westchester County to the fringe of New York City. 
__ During the period from June, 1954 to October, 1955, motorists and Fd 
— traveled 862,700,000 miles, thus presenting as solid basis for observing and 
has been established, for example, that the of access 
_ accidents, particularly those that are fatal. The fatality rate in 1955 was 2.55, 
fatalities per 100,000 000 vehicle-miles ‘compared v with the 1954 national q 
= average of 6.5 fatalities per 100,000,000 vehicle-miles and a New York State 
average of 5.3 fatalities per 100,000,000 vehicle-miles. Moreover, not one 
fatal accident was due in any way to the design « or construction of the highwa ay 
— itself. Unfortunately, one cannot correct faulty judgment or human error. — 
a Motorists and truckers traveled 96,000,000 miles before the first fatal accident 
on the Thruway was recorded. oi to 
+ Ze Of the hundreds of letters ek by the New York State Thruway 
_ Authority mentioning the advantages of Thruway travel, the majority listed 
a advantages such as freedom from irritation and fatigue and savings in driving 
_ time. Apparently motorists considered that the reduced nervous strain that 
7 _ the Thruway offers is one of its greatest attributes. _ They observed that they | 
arrived at their destinations more relaxed and i in a better physical and mental — 


condition than when they used the existing parallel highway system. __ 4 
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motorists can plan to trav: vel on the Thruway at spe 


| 
vehicles. Except for the time taken for refueling, rest, and meals, these 
speeds have become average. . These rates are considerably more 
than the average of from 30 miles per hr to 45 miles i hr that results when © 
the existing parallel highway system isused. 
a a The New York State Thruway has aided industry as well as the individual © 
- motorist. _ A large industrial company has planned its operations so 0 that the ; 
expressway serves as a modern co necting artery among the firm’s various 
plants over which parts and assemblies are channeled. ~ Aseries of independent 7 
tests staged by the company’s transportation ‘experts to test the | operating 7 
economies for its trucks on the Thruway demonstrates this firm’s interest . 


ae On a round trip between Buffalo and Schenectady, the test showed that 
the firm’s trucks averaged better time (10.64 miles per hr) on the Thruway 
than on parallel highways. is Furthermore, it was discovered that during this _ 
A t trip the trucks saved 14.2 gal of fuel, made 298 fewer ¢ gear r shifts, and 69 fewer 


‘full stops. Such statistics promise substantial savings in transportation costs 
7 ® One of the effects of a new limited-access highway is the relief of traffic aa 
"pressures: on paraliel routes. This has been demonstrated graphically in -.! 
New York since the opening of the Thruway. _ For example, traffic volume on a a 
ee section of parallel Route 20 south of Utica decreased 40% in the first six <months — :. 
a Thruway was completed in that area. Similar effects have been kb 
“This siphoning of through traffic ‘existing routes has ‘not 
considered favorably by everyone. The merchants and small _enterprises 
along the older highways have complained of a sharp decline in business. 
However, the Thruway performs a basic function—relieving traffic on parallel _ 
Toutes and reducing the annual cost of maintaining them, thus making it o 
. a possible for these parallel routes to serve the local or regional t traffic adequately. __ 
This fact, combined | with the accessibility and the new economic climate of 


The most op of ‘observed to (October, 7 
1955) have been to the over-alleconomy of thestate. 
During the planning stages and the construction period, the New York 
= State Thruway Authority was confronted by contentions that loss of taxable _ “24 
= Property taken for purposes would i | impose a financial on the 


However, ‘it appeared to the Authority that this 
a than compensated for by the increased value of the remaining property be- 

Pa 4 “cause of its accessibility to the . Thruway. The Authority has been observing © 

this trend and has found that in every case in which data are available the 


increases far the taxable losses. = gains have been 
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evident on immediately adjacent, to the Thruw ay inferchanges, with 


lesser increases being noted in rough proportion to the distance from the ~<a 
: changes. This inteones is radial, and its extent is dependent on the accessi- 


im Although it is too soon to assess the full impact o of the on 
estate values, and although there is no formula for measuring its impact, 
few typical examples of the trends are: wae wet 


Pens. On the north side of t the Thruway at a Syracuse interchange, there is a 
Sacre piece of property. le No water, sewer, or gas facilities are available. 
4 % Before the Thruw ay was located in this area, the land was appraised at $100 ex 
‘per acre. In March, 1955, this plot w sold to machinery company for 
In ‘Tarry tow n a local merchant who had originally paid $55,000 
 4-acre corner site near the Thruway in 1952 resold this property in 1954 for fe. 
approximately twice that ar amount t to a an operator who plans a shopping center. _ 
Et 8. The Wall Street Journal made a detailed study of the effect of the Thru- 2 
_ way on the state’s economy. — _ As a result of this study it was found that a 
_ «21 -acre property along the Thruway i in Syracuse was sold for $15,000 in 1951, ~ 
but i in 1955, 12} acres of the same land were sold for $150,000. © ‘The surv a 
revealed that the value of the land near the Thruway in the Buffalo area had 
_ jumped from a few hundred dollars an acre to $5,000 an acre. ye ye er a 
ai* The village of Fultonville (population 900) was bisected by the Thruway, | 
_ thus initially creating concern among the residents. However, after careful 3 
consideration of the benefits of the > Thruwa ay, favorable attitude 
adopted with satisfactory results. Fultonville now has a larger assessed 
valuation than it had prior to the construction of the Thruway, and the village — 
3 debt has been retired. Because of new enterprises, the tax rate has decreased — 
‘ ¢ — from $33.00 per $1, 000 : of assessed value to $19.00 per $1,000 of assessed value. _ 


“Until industrial growth along the Thruway is taken into consideration, me 


the full economic impact of controlled-access highways. cannot be made evident. | 


When a state highway is built through undeveloped property, the property 
F undergoes an increase in value because of its accessibility to the new facility. rh 2 
the highway attracts gasoline stations, restaurants, tourist 
cabins, and other concession-type developments. 
a Although some of this type of development is evident in the immediate _ 
vicinity of the Thruway interchanges, the commercial expansion has been 


4 dominated by the construction of industrial plants of various sizes. hs Al 
In October, 1955, it was estimated conservatively that more than 
- $150,000,000 worth of new industrial plants had been erected adjacent to the _ 
_ Thruway. These plants employ approximately 30,000 persons with an annual a 
payroll of more than $100,000,000. Named 
Perhaps the most vigorous growth attributable to the Thruway has been 
in the Syracuse area, where several large new facilities, each costing many _ 
millions of dollars, have been erected. Some of the vast new industrial sites 
have direct access to the expressway. _ One sector of Syracuse Industrial Park = = 


a 1,000-acre district on the Thruway, is s occupied by a dozen projects, or more. 
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These” projects ‘include steel-supply v storage and retail-chain 

al depots; a bank; various offices; a radio-broadcasting concern ; and metals, — 
“machinery, and other manufacturers. ” 

2 In other areas of the state, both large and small firms have also been aware 
of the Thruway’s potential. _ In the Hudson Valley the superhighway was one 

e element resulting in the decision of a large industrial corporation to erect one. 

= of its giant factories near the Kingston interchange. _ The Thruway was also _ 

= factor that induced another manufacturer to locate in Mountainville in — 


‘on Orange County. In announcing an expansion at Canajoharie in the Mohawk — 
Valley, a packing company stated that the Thruway provided a means for rapid ; 
delivery” to New York City. In Westchester County the availability of a 
large plot at the ‘Major ‘interchange with Cross County Parkway was a 
Center, one of the largest shopping centers in the United States. ~The same 
ie 7] pattern prevails across the state, and the New York State Thruway Authority 
believes that the economic revolution has just begun. - Modern expressways 
<4 benefit agriculture, industry, commerce, labor, and the tourist business, and 7 
rovide a basis for an amazin variety of new enterprises. ot 


a Some of the effects that the Thruway has hi had | on New ‘York § State have — 
been cited; other effects will be observed as the Thruway continues | serving 
New effectively located controlled-access highways are urgently 
required elsewhere in the state as well as across the United States. et 
The tremendous toll that the outmoded highways exact in lives, ‘property — 
‘damage, human misery, , and economic waste compensates for the cost of 
providing an adequate highway system. The average driver is paying 
much as an extra cent a mile to travel on the existing outmoded free highway — — 
These facts are known, but a better recognition ‘the ‘wweeping 
economic improvements that ‘express highways create is ‘needed. 
ory _ The cost of constructing modern highways must be balanced re many 
‘ factors, most important of which are the economic growth and development Th; 


that have become synonymous with new expressways and major highway- 


ro Be construction programs. These benefits have been underemphasized in spite 
of the fact that they ar are much much greater t than an the cost of of ons riding t the patpreee 7 


‘They are absolute necessities, not t only for traffic relief b but also for for con- 
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EFFECTS OF THE ‘GULF FREEWAY >. 

Thec conclusions drawn from investigations of the economic eff ects of limited 


land 

_ values of adjacent properties after a period of 5 yr is evaluated. = | 

The conditions governing the economic effect of ‘the limited- access projects 


vary. There appears to be no single set of values that might apply to all nS 


Adrian F. McDonald 1 reported? that ats ic 


. “J > “Observation and study over a period of several years appear to warrant ye 
“A certain general conclusions. Sections of Connecticut suitable for residen- _ 
tial use and with easy access to the Merritt and Wilbur Cross Highway sys- 

f tems have increased in desirability, rate of marketability and value. To- 
_ day it is easier to sell properties within a mile of the Connecticut Expres- 7 
routes than ever before, and at better prices. mitt on 


reference to towns in ‘Fairfield d County (Conn. .), MeDonald states sthat 


"The were so cut as to be remarkable | in their consistency. 
Sales of land adjoining the Merritt Parkway and in the vicinity showed a a 

_ substantially higher level of prices than comparable land some distance re- 

_ moved. _ Particularly noticeable was the high level of prices of those prop- = 1 
erties which were at a higher elevation than the highway surface. — The 
only cases where lower prices were found were those involving adjacent land a ss 

below the traveled portion of the road. Inquiry developed the fact that in a“ 

fe buyin noise down to envelop these properties 

and the ic this p henomenon. non.” amoned aaa 


Toss -Highwa vay in Connecticut,’ McDonald 
In in Fairfield County, sales for the pa past five 
show absolutely no adverse effects from extremely heavy truck traffic on : 
i a U. 8S. No. 1 even where the rear lines of properties may be within 100 feet 


Concerning property adjoining, but without direct access to, high- speed express. 
_ “Tn eases where such properties are bordered by intersecting side roads or 


exit ramps from the expressway, there are innumerable instances in Connec- 


 Nors.—Published, essentially as printed here, in January, 1956, in the Journal of the Highway Divi- 
sion, as Proceedings Paper 872. and titles given those in effect when the paper was approved 
for publication in Transactions. 


1 Highway Engr., State Highway Dept, rare goats 


* “The Review," Soc. of Residential Appraisers, Chicago, Il. » 1953, pp. 15-16. 
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tieut of soles for at fabulous p prices. 2 ‘This ale is of 
a properties which are actually off the expressway proper but which are ac- 
ceasible to it by reason of access and exit ramps.” mot nie 
No general IPN can be drawn except that there is no general rule ap- 
_ = licable in all cases. The appraiser must analyze the problem case in the 
Fight of his own experience and market reaction. However, in Connecticut 
it seems certain generalities are true. Limited access expressways have x 
_ drawn people as well as industrial plants from the city to the country. 
at ‘That has helped to curb (but not eliminate) increase in city residential — 
values. On the other hand, both rate of marketability and values in out- 
ie tt lying areas have tended to rise, many times in substantial degree.” ie 
>. Frank C. Balfour has reported many studies made of the California develop-_ 
reference to Balfour states? : T wide 


we can demonstrate that the modern limited access s effect’ q 
_ on both abutting properties and properties in the entire area of its influence _ 
is so great, both from a monetary and psychological standpoint, that it far ane 
- overshadows the immediately apparent benefits of the conventional high- pé 
- Balfour cites numerous examples 0 of i f increase in in land value because of access t to 
the e freeway, including industrial, commercial, and residential development. 
3 There are many other authoritative reports on studies of limited-access fac! 
ilities. The report by McDonald Was as mentioned because it indicates some 
sults iriftienoed by construction features. _'The report by Balfour expresses ip q 
_ broad terms the findings that appear to be usual in all reported cases. An 
examination follows of the study of the Gulf Freeway, which represents experi- 
ence in Texas. 


to aboodtoddy jon ins Gur Freeway pii-wol jo zaman to Je 


“si In May, 1950, the ‘Texas Highway Department, in cooperation with the 
a Bureau of Public Roads, United States Department of Commerce (BPR), AG 
a initiated ¢ a study of the effect of the Gulf Freeway i in Houston (Tex.) on ad- B a 
_ jacent land values and land use. Ensuing conferences between personnel of ar 
_ the BPR, the city of Houston, and the Texas Highway Department outlined a 
general method. of procedure and resulted in an agreement on the objective of ” 
_ the study. These preliminary conferences emphasized the fact that the success | 
of the study ‘depended on the data that could be obtained, a and that an extensive , ae - 
examination should be made before any definite procedure could be outlined. 
In January, 1951, negotiations culminated § in a contract based on a generalized 


Se 
‘The section of the Gulf in the city of Ho studied 
‘- was 7.8 miles long, extending from Main Street adjacent to, and southwest of, : 


 §“America’s High Problems and Their Likely Effect on Real Estate Markets, Frank C. Bal 
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os ta operation during the period of this study and, in fact, was not opened until 


HIGHWAY ACCESS» 
central business district ina southeasterly disection and ‘continuing asa 
rural expressway to the city of Galveston (Tex.). first mile southeast of 
Main Street forms a four-street dispersal system with cross streets at grade. — 
_ This section is provided with a traffic-light control for speeds of 30 miles per hr. 7 
The extension within the city is classified as a freeway. aceekd : 
Work on surveys and plans of the Gulf Freeway began i in 1943, which dates 


the earliest realization of the facility. Construction of the first 3 miles” from 
~ the center of the city y southeastward began early i in 1946, and the section was 4g 


q 


_ opened to traffic in October, 1948. In October, 1951, approximately 64 miles 
fe of f the Gulf Freeway were it in operation. ; The remainder had no not been placed in| 
_ August, 1952. The opening of the Gulf Freeway by increments had an effect 
= on the transfer of ownership ar and development of properties, and property sales - 
reflect this tendency. _ The greater increases in value appeared to follow after — 
ae the facility was placed in use, which may be partly due to speculation, 
As _ The change in the use of the land can be shown best by “before-and-after” 3 


pe photographs. a There is evidence that the “change is s steadily proceeding ad- 


aby 
land value because of its position was chosen for ‘measurement. 


Fy or less complicated if all lands had been occupied by ‘similar improvements. — 


_ jacent to the freeway as well as increasing in width. It will probably be several a 
i’ years before 1 the activity becomes stabilized. _ The property \ values will i increase 
= as the ow nership of the property is changed and as it is put to new, higher, 
and better use because of the favorable position of the land in regard to the 
_ transportation facility. In this early interval the principal development was: 
in unimproved areas or in areas with meager improvements. 
The basic concept of the land-value study was a comparison of land et 
‘reflected by the actual ‘sales prices of land areas along the freeway, : with | land 
areas at other locations in the city equally Ww rell served by the street system 
_ prior to the freeway construction and equidistant from the civ ic center, and of 
comparable environment and similar development and usage. The change in 


— 


_—“S parison would have been simple in application if all lands had been vacant, 


7 ‘The: land along the freeway varied from large undeveloped | areas through -s 
7 = stages of areas of ' low-type residential housing ; decadent neighborhoods of 


wig version tor rooming houses and properties ; neighborhoods of modern, 
medium-income residential housing ; areas of modern apartment housing; 
areas of business properties, all varying within themselves. To 


“ments was required. In the. the p price of land per ‘square foot 


was: used for comparisons, , frontage conditions being disregarded because of 


en estigations we vealed that the assessments in Houston were based on the 
appraisals at 70% of the appraisal value. The assessments thus indicated 


the appraised value of the improvements on each parcel of land that was 
Fre tran: ferred, and these values were accepted as being the best information 1 avail- 


able. This. premise ‘emphasized the effect of the varying of 
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- adjustment; (2) the dollar adj usted to the Consumers’ td ;and (3) the dollar 
adjusted to the Construction Index, 
_ One of the major financial institutions of Houston made available its 7 
records of property sales the city, which were and | main-— 


‘assessment records, were the sources data pertinent to the land-value study. 


In order that definite comparisons might be made, the length of the Gulf 7 
Freeway was divided into six sections dependent on the nature of improve- 
: ments and environment. These sections were divided further to delineate the 


4 group 1, and a secondary zone » bordering, and slightly m¢ more ‘distant than, the 
primary zone was designated as group 2. Areas in all respects comparable to — 
each of the sections of group 1, but in various sections of the city in which ‘no- 
influence of the Gulf Freeway might be realized, were | selected for direct. com- 

_ Parison of land sales prices and were denoted as group 4. Group 3, composed 
a of a selection of areas at a considerable distance from the freeway but in the | 
same quadrant of the city, was chosen and analyzed to check on comparative e 
: land values in the directional area of the freeway. = = = 
All bona fide property sales in all sections | for | the periods from 1939 to 1941, 
1945 to 1946, and 1949 to 1951 were examined. In the first period there ' were 
858 sales; in the second, 1,041 sales; and in the third, 397 sales, thus totaling 
296 in which 199 repeat | sales appeared. Repeat sales were 
analyzed because of interim improvements and the opportunity y of enlarging — 
a _ the scope of the findings of the survey, 
The route of the freeway was well established in 1945, and construction was 
begun in 1946. Ine comparing the land values, the period from 1939 to 1941 
_ used as the S-yr interval before the freeway became a reality. The 
period from 1949 to 1951 was taken as representing the oe interval after 
the freeway became a reality. wig Ad nodal gi. fox 
The most outstanding conclusions made from. an analysis of all sales 


an During the 5-yr interval after the Gulf Freeway. a potential 


ai. ‘fecility increased to a greater ex extent tl than similar property oe ated i in. any other - 
‘section of the city. - ‘The properties in the secondary zone of influence in- 7 
_ creased in market value to a greater extent than did the properties far farther re re- 


_ 2. During this interval all methods of analysis used in the study have ce 


is the same directional trend, indicating that the facility definitely influenced — ers 


_ the increase in market values of properties in the areas through which pal 
— — 


; y preceding the period of ieee 
‘ ndeenes of the facility, the i increase in market value of properties adjacent 


to the future route of the Gulf Freeway closely hectinited the ‘median of o 


ere 


a | the dollar over a period of years, and was responsible for the conversion of sales - ee 
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HIGHWAY ACCESS» 
‘The analy: sis | of repeat sales of identical properties sold and. after the 


freeway became a potential influence in the community indicated that a prop- 


7 _erty owner in the primary zone of influence had approximately twice as many 

opportunities to resell as did the owner in zones beyond this influence. | The — 
gain on investment was substantially greater than that of the owner beyond © E 

the influence of the facility. ould thodgvow!s lo 


A comparison of the change in land values of the group of areas adjacent to 3 
- = the freeway, with this group chosen to represent similar properties in areas not | 
is” influenced by the freeway, illustrates the similarity of the trend. The close 
a agreement in the extent of change in land value due to the freeway, regardless _ 
of the method used for the deduction of the price of improvements from the = 
sales price of the property, is also demonstrated. Byexpressingtherelationship 
of changes in land values between groups as the difference in percentages of a 
_ value changes, the effect of a variation in the purchasing power of the dollar is 4 
minimized and a true comparison results. A valid conclusion may be drawn 3 
all for the relationship of land-value changes for the 5-yr interval between the time | F 
« _ when t the freeway became a source of influence and the date of thissurvey. The 4 
_ percentage increase in land values along the freeway as compared with the land 
: values of the group of similar properties not influenced by the freeway was de- _ 
t termined as 81% for the group in which the improvements were deducted with- 
out regard to a price index; 95% for those areas in which improvements were 
deducted in proportion to the Consumers’ Price Index; 111% for the land for _ 
_ which the improvements were deducted in 2 proportion to the Construction In- — 
dex; and 92% for repeat sales with improvements included. The reasonably 7 
close agreement in these percentages is convincing. | 
The Texas Highway Planning Survey made an analysis of the study with 
ao to the justification of the right-of-way cost of this facility, which ¥ ae 
- borne by the city of Houston. This analysis involved the assessed evaluation 
of each section of each group with relative percentage increases in total value of 
} _ each section in the group along the freeway as compared with similar sections — 
not influenced by the freeway. It was determined that, if assessed and taxed — 
proportionately, t the increase in market value along the freeway, in addition 
, to the increase in market value of the similar lands not so ) situated, would one 
: revenue sufficient to defray the right-of-way cost in 18 yr. Allowing for oe 
reasonable continuance of the trend, the increase should double within a ice 
| years. When this potential is accomplished, increased tax revenues of vik 
would s serve to defray the right-of-way expense to the city. d 
No two cities or conditions could be identical, but the fact that the co 


struction of freeways tends to increase the value of the adjacent land i is - ihe’ 


lieved to be established by this study, and the 1 variance should be in degree only. % 
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 BXPERIENCES IN INDIANA 


BY CARL E. VOGELGESANG,* IM. ASCE: 


>. he The experience | leading to the adoption and the use of control of access i i 
‘Indiana. is presented. © The evolution described involves the ‘measures con- 
ee sidered in an effort to provide satisfactorily for the traffic on the Indiana State ; 


= System through the. construction of bypasses and dual-lane pave- a 


— 
- 


ments; the subsequent ribbon-type development, which eventually led to the 
enactment of permissive controlled access legislation; and, finally, legislation he, 
that requires that all newly constructed bypasses must be of the limited-access a 
a type. Some of the more important aspects of the legislative acts are quoted. 
The benefits of controlled access are enumerated as well as the conclusions that — 


were made following a study of the experiences 


aod ot bolut ap ey 9.lo seu odd bo 


& _Indiana’s highway system had its inception in 1917; ; however, due to legal 
the was not formed asa permanent organization until 


= 


te In the succeeding | years this | feat was accomplished. ee the oe 
; and speed of the traffic had rendered the major routes substantially 022 and 
‘The ideal section, which was 1.36 miles s and was constructed in 1922 and 
1923 between Dyer and Schererville on U. Bs 30, was a bold attempt to insert 


higher standards into the highway program. It consisted of a 40- ft pavement, 
shoulders, for walks, and lighting facilities together with several 


Indiana piogtatn, the ideal section never fulfilled its expectations. gs Ol AB ay 


In 1935 th the divided-lane highway at grade, except for separations at rail- “ort 
roads, was created. As first conceived, a minimum right of way of 200 ft was so a 
established with two 22-ft pavements separated by a 44-ft median strip. The _ 
HZ first: section, which was opened i in 1937, » Was on U.S. 30 from US. 41 to Cline if 
ae Avenue, which is a distance of 2.23 miles. Since that date 308 miles of dual- , ra 
lane highways throughout the state have been completed. 
oe Bypasses ha have also played an it important part ir in | the | Indiana highway sys- 
- tem. At one period, they were regarded as the answer to the alleviation of % 
traffic congestion in urban areas. From 1922 to 1954, 40 bypasses were con- > 
structed in Indiana as grade facilities. _ Because access was not controlled, a 
7 ribbon development of residential and business structures sprang up along the eT 


fine printed in n January, 1956, in the of the Highway Divi- 
ae = an Fvsceamnes, Paper 878. Positions and titles given are those in effect when the paper was approved a _ 

State Highway ‘Dept. of Indiana, Indianapolis, led to 
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by: passes serving the larger urban areas to such en ‘extent that they h have 

“a become little more than ‘congested city streets. i As an example, the by pass at 
Lafayette, which was built in 1937 and which presently (1955) carries volumes 

nat in eXcess 0 of 11,000 vehicles, has been so solidly hemmed i in during the interven-_ 


ing years by commercial and residential developments that, as a part of the 


_ interstate system, it will require relocation approximately one-half mile farther 


ond Hgobe od) of scibeol ont” 


The control of access was first considered i in 1944, at ‘which ‘time the first 


and destination traffic survey was conducted in Fort Wayne. . The rec- 


2 | Ommendations o of this survey, presented i in a 1946 } report,” : called for an express- 


way sy rstem as a long-range solution of Fort Way ne’s traffic problem. jee 4 ; 


_ This system was to have been developed over a 10-yr period at an estimated | 
cost of $26,000, 000. The highway department and the city officials of Fort 
W. ‘ayne entered into an “agreement to proceed with the construction of the 
expressway. system, provided that it was acted on ‘favorably i in a referendum 
, 3 - vote to be held in the fall of 1947. In spite of a concerted publicity effort by the 
7 Th of the city, a } sufficient nu number of citizens voted against the project. | 
rte This action had such an adverse effect on the highway department that the 


 gbaaaane, of the use of expressways within urban areas was ruled to be not 


applicable to the other studies pending at that time. 


- Howev ver, i in 1948 the first contracts were awarded on the Tri-State Highway 
in Lake County (in the Chicago, IIl., area) from the Indiana-IIlinois state line 

to : a point approximately 2 miles east. This facility, designed as a limited- 

access highway, was Indiana’s continuation of the Illinois section o of the Tri- 
_ State Highway whose construction was begun during that period. The first E 


section was completed and opened to -_ in 1951. Since that date, an 


Other examples of full or partial limited-access facilities include: 


Bad county line) seni 
. ahem as ai be 


Aye This record of limited-access facilities, constructed in Indiana prior to 


_ October, 1955, reveals that much work remains to be done. The essential need 


Ca 


Plan For Ft. Wayne,” Pt. 2 ‘of Ares Fort Wayne, 
State Highway Dept. of Indiana, ndianapolis, Ind., 1946. 
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fora more extensive use of limited- ~access standards has been | in the 
ha plans of the Indiana State Highway Department; only the lack of adequate _ 
funds and long-range policy have prevented their adoption. 


eee situation in ned has been described briefly in the healing 
a _ showing that, with few exceptions, the state highway system was developed © 

with no control of access. is, unless some extenuating hazardous « -con- 
dition existed, a property owner could obtain permission to build a driveway 

any highway. Therefore, as the volume of traffic increased and 


ie - the distance to an urban area decreased, an increase in the number of drive- __ 


- ways was observed. On every important route entering the urban centers, pee 

this ribbon type of development i is found, which, with regard to traffic RS 
ments, makes the route similar to a congested city street. 
; ‘The expectation that bypasses, because of their construction on new loca- yy 

- tions free from built-up conditions, would provide a large measure of relief to _ 

traffic has not proved entirely satisfactory in the larger urban areas. It has = 4 
been demonstrated conclusively that, because accesses were not controlled, Dim! 
residential and commercial developers have immediately taken advantage of fio 


the ideal location opportunities of these facilities to proceed with construction 


Examples of how extensive this has been on several bypasses 
will illustrate the seriousness of continuing on an unlimited policy. , On a 4.2- 4 hy 


mile section of the Marion bypass, built in 1940-1942, there are 138 access” 
one occurring every 150 ft. On the Kokomo built in TORO, he 


“mile e length, or one every 465 ft. On the wagnt bypass, built in 1948, 
there are 110 access points in a 3-mile length, or one every 143 ft. Bypasses alos 


located at the smaller urban centers, where extensive building has not taken 


lace, have served, and are servin ‘traffic effectivel 


Wayne Kellams, i in a newspaper article, stated that a driver using the 
ed mile Indiana east-west toll road instead of U. 5S. 20 } would avoid 74 stop lights, va 


‘17 railroad crossings, 1 drawbridge, 15 school zor zones, :, 88 heavy traffic entrances 


and exits, 20 major highway crossings, and 603 minor traffic entrances and 


iv exits. ‘The other major trunk highways in Indiana would show similar sta- 


tistics and, in some cases, even more access points, the give 


ideration to the control of access. 


facility i in the handling of Two hundr wenty-o “one miles 


4 of this mileage are on the interstate system, which, as preliminary studies: 
have indicated, be improved with regard to limited-access standards. 
Built-up conditions on this mileage are substantially limited to the intersec- 
si tions, which will offer the most difficult problems in the s e separation of of wn 
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abe pattern was set by the i issuance on August 4, 1954, of | a ‘memorandum? 
by the Bureau of Public Roads, United States Department’ of Commerce 
(BPR), to the states defining the standards applicable to the interstate highway 
- _ system. The memorandum | states that federal interstate funds can be ap- 
A a proved only on the basis that such routes be designed and constructed to free- 
oie pronouncement | was initially met with scepticism. It. was considered 
to be a constructive n move, ‘but doubt was expressed as to how funds could be 
al obtained to meet the extreme costs of such a program. However, legislation‘ 
_ passed by the United States Congress in 1956 provided a basis for the interstate 
= _ Since the memorandum was published, the state highway department | of 
_ Indiana has taken steps to conform to the new federal policy. — _The Indians 
interstate system consists of approximately 1,100 miles on nine different routes. 
In accordance with a directive from the highway commission, a comprehensive 
study* of the system was made, so that, when the federal program was ap- 
“a The study involved the evaluation of the present interstate highways” in 
order to determine whether they could be improved i in accordance with limited-_ 
a access standards on the existing alinement, or whether complete relocation 


‘ problem of providing adequate service roads would be paramount particularly 

where the existing alinement was to be followed. ve ofl ica 
study of the Indiana interstate highway system will require approxi 
_ mately 2 yr to complete. An aerial survey was made of the entire system — 
; vi in the spring of 1955, with the widths of coverage ranging from 1 mile to oad ! 
miles. On several routes it already appears from preliminary investigations 

7, _ that reflying will be necessary because of the advantage of relocating greater _ 
distances, from the existing alinement than was originally anticipated. These — 
wa »- aerial views not only provide the basis of the detailed studies, but the final 
: 2 recommended alinement and major design elements thereof will be depicted 


on strip maps developed f from mosa aics of the aerial contact prints. _ ss 


a » Kk During the early part of 1954 the Indiana Highway Commission adopted ; a 
policy of building bypasses to limited-: ~ACCess standards. _ Previous commissions 


oe had been urged to consider this plan b because of | the ; growing volume of cases i in 
y whieh the constructed bypasses were definitely headed for obsoleteness. oe hell 


~~ _ bypasses under construction at the time of the adoption. of the new policy eas 
_ Prior to their opening ¢ or during construction, declared limited-access facilities es, 
except access points included in the contract plans, The state has 9 bypasses 


“Policy: and Pregedure No. 20-4," Bureau of Public Roads, Dept. of 
Washington, 


“Interstate te Highway | System i in Indiana State Dept. of Indiana, Indianapolis, Ind lia, Ind. 
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HIGHWAY ACCESS 


Definition.—The first limited-access legislation® in the state of Indians was 
enacted on March 7, 1945. ln Following : are important excerpts from the law: 


otionilghg ‘limited access facility’ is defined as a highway or street especially - 
_ designed for through traffic, and over, from, and to which owners or occu- © 
pants of abutting land or other persons have no right or easement or only 
ay a limited right or easement of direct access, light, air, or view by reason of _ 
“y _ the fact that their property abuts upon such limited access facility or for 
‘anid any other reason. Such highways or streets may be parkways, from which | 
trucks, busses, and other commercial vehicles shall be excluded; or they — 
bal may be free ways open to use by all customary forme of street and highway 


he highway authorities of the counties, cities, and 


= alone or in cooperation with each other or with any federal, state, or local — 
- agency of any other state having authority to participate in the construction — 
.and maintenance of highways, are hereby authorized to plan, designate, es- 
pe “tablish, regulate, vacate, alter, improve, maintain, and provide limited ac- 
cess facilities for public use whenever such authority or authorities are of — 
the opinion that traffic conditions, present or future, will justify such special _ 
- facilities—Provided, That within cities and towns such authority shall be 
1 oe subject to such municipal consent as may be provided by law. * * * Said 
a _ units may regulate, restrict, or prohibit the use of such limited access fa- — 
7 we - eilities by the various classes of vehicles or traffic i in @ manner consistent — 


‘ ati 


“The State Highway Commission of Indiana ai and the proper ad q 
eh of any county, city, or town having charge of any highway or street affected — 4 ~ 
a by this act, are authorized to design any limited access facility and to regu- 
late, restrict or prohibit access as to best serve the traffic for which ch 

facility is intended. In this connection such authorities are authorized to _ 
4 divide and separate any limited access facility into separate roadways by P 

the construction of raised curbings, central dividing sections, or other physi- 

1 - ¢al separations, or by designating such separate roadways by signs, markers, 
stripes, and the proper lane for such traffic by appropriate signs, markers, 
stripes and other devices. No person shall have any right of ingress or 

egress to, from, or across limited access facilities to or from abutting lands, a 
Boe oy: at such designated points at which access may be permitted, upon | 
_ such terms and conditions as may be specified from time to time by rules _ 
and adopted and promulgated as by law provided.” 


7 


ee pa... or towns, may acquire private or ane property and property rights = 

-_ ** for limited access facilities and service roads, including rights of access, air, — 

view, and light, by gift, devise, purchase or condemnation in the same ;: 


sal 2 completed and 7 still to be placed under contract) that are now in various _ — 
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HIGHWAY ACCESS 
oT manner as is now or hereafter may be provided by law to acquire — ; 
_ property or property rights for the laying out, widening or improvement 
~ highways and streets within their respective jurisdictions. *** Therights — 5 
of all property owners who may claim damages, as provided he the Constitu- 
a tion of the State of Indiana, are preserved herein and may beenforced under 
the present laws ofthe State of Indiana, 
= _ “Court proceedings necessary to acquire . property or r property rights for at 
_ purposes of this act shall take precedence over all other causes not involving ae 5 


ol of the state, county, city, or town, may desig- 
nate and establish limited access highways as new and additional facilities ; 
or may designate and establish an existing street or highway as included “ 
within a limited access facility. The state or any of its subdivisions or 
municipalities shall have authority to provide for the elimination of inter- 

_ sections at grade of limited access facilities with existing state and county 
reads, and city and town streets, by grade separation or service road, or by 
closing off such roads and streets at the right-of-way boundary line of a 
limited access facility ; and after the establishment of any limited access ae 
-_ cility, no highway or street which is not part of said facility shall intersect: / - 

- the same at grade. No city or town street, county or state highway, or Zz 
other public way shall be opened into or connected with any such limited — rs 

access facility without the consent and previous approval of the proper an 1 

iio of the state, county, city, or town having jurisdiction over such i 
limited access facility. Such consent and shall be, oy if 

The State Highway Commission of Indiana may enter into 
- with the respective counties, cities and towns of the state or with the federal abe 
government, and such cities and towns may enter into agreements with the som 
federal government, respecting the financing, planning, establishing, im- 
_ provement, maintenance, use, regulation, or vacation of limited access fa- 
cilities or other public ways in their respective jurisdictions, under this act = 
or under any state and/or federal laws authorizing such tic dn <i 
of and the purposes of this act.” ef 
Location and Vacation of Roads Strets— sift 
. evi “In the carrying out of the | purposes of this act and in the dev. as 3 
ia of any limited access facility the State Highway Commission of Indiana 
and the several counties, cities and towns of the state are authorized to plan, ol es 
ah designate, establish, use, regulate, alter, improve, maintain, and vacate 
- Joeal service roads and streets or to designate as local service roads and ‘in: ] 
bat - streets any existing road or street, and to exercise jurisdiction over service . 
roads in the same manner as is authorized over limited access facilities under 
the terms of this act, if in their opinion, such local service roads and streets = 
stig “Tt ig s unlawful for: any person (1) to drive a vehicle over, upon, or across 
wm any curb, central dividing section, or other separation or dividing line on 
limited access facilities ; , (2) to make a left turn, a semi-circular, or U- turn 
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except os Webeh an opening provided for ‘that purpose in the dividing curb ‘, 


section, separation, or line; (3) to drive any vehicle except in the proper 7 
lane provided for that purpose and in the proper direction and to the right 
—_ _ of the central dividing curb, separation section, or line; (4) to drive an 
oo into the limited access facility from a local service road except _ 
_ through an opening provided for that purpose in the dividing curb or di- Le 
viding section or dividing line which separates such service road from the - 
_ limited access facility proper. Any person who violates any of the pro- 7 
visions of this section is guilty of a misdemeanor and upon arrest and con- — 
-- ~ therefor shall be punished by a fine of not less than one dollar ($1.00) _ 
nor more than fifty dollars ($50.00) or by imprisonment in the city or county 
_ jail for not less than five days nor more han ninety days, or by both such a 


Amendment amendment? to the 1945 was passed, specifically di- 
reeting the highway commission to designate and construct all by passes: to 


limited-access standards. Thelawstatesthat = 
_ “Whenever the State Highway Commission constructs a by-pass highway 
any city or town, the Commission shall be required to designate and 
establish such by-pass highways as limited access highways.’ 


From the foregoing it can be seen that broad powers have been granted for 

: habe In order to } protect the dual-lane sections in service on the interstate system, 
resolutions declaring that the respective sections be limited-access highway 8, : 
except those access points existing at the time of the field inventory, have He 
been prepared and approved by the « commission. ne Limited-access signs, which _ 
are 36 in. square, have been placed on all routes covered by the resolutions — 
and are located on alternate sides of the highway at 2-mile in intervals at the 
-right-of-w -way line and facing the highway. The following message is earried— 
. “Timited Access Facility, Direct Access Will Not Be Granted—Before Planning 7 
at Improvement on Adjoining Property—Contact Indiana State Highway Dept. _ 
North Senate Ave., Indianapolis, Ind.” an doidw 
ae Prior to the erection ‘of the signs along the routes, newspaper and radio 
publicity was provided. In most cases the newspapers printed the message as 
front page material. Directives were sent to the six district offices instructing = 
them to deny all permits to those sections covered by the resolution. In | fi 
eases in which the applicant insisted that the driveway was essential and in 
_ which no other access outlets were available, the case sare arpreciwaly to the Cen- 
tral Office of the Indiana State Highway Department. ad ding b basiqeabe 
kh To date, these resolutions have proved effective as a major - deterrent to the 
=e granting of access permits. The cooperation of property ow ers ia 


commercial interests has fine; following a thorough unders and- 
ing of the purpose of these resolutions, they have indicated their intention of | 
either abandoning their application request or have accepted an alternate 
solution o offered by the commission. wan odd od 
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seduced highw ay ‘residential and business construction costs and (0) losses 
to the permanence of limited-access highways. = 
The direct benefits to the highway us user are nei to 


r vino The uniform speed that can be maintained over a limited-access ate 


The translation of this time saved to a monetary basis results in large savings, 


2. Fuel consumption is reduced by the elimination of stops and d slowdowns. — 
‘Due to a uniform travel speed that is void of stops, ‘maintenance costs on the | 
_ vehicle i in the form of tire wear and mechanical repairs are reduced. 
8, An important benefit lies in the reduction of accidents, which statistics — 
show will be mag from 10% to 50% of those on an uncontrolled- 
7 4 access highway. For example, in California the death rate per 100,000 — 


vebidloaniles: eae 2.12 on all freeways and 9.39 on all rural highways. In Sd 


4 Maine the death rate per 100,000,000 vehicle-miles was 2.8 on the Maine Turn- _ 
pe and on parallel U.S. 1 the rate was 22.3 deaths per 100,000,000 vehicle- _ aa 
miles. In Michigan there were 6.7 deaths 3} per. 100,000,000 vehicle-miles on 
‘the Detroit Industrial Expressway, and on parallel U.S. 112 the death rate. 
per 100,000,000 vehicle-miles was 15.0.8 Jad? as 
indirect benefits, which are not as but are important, are 


‘sufficient of way is available to the needed ‘additional lanes. Resi- 
commercial construction are thus provided with a fixed location — 


losing investments because of a relocation. sould Yo. 
toed The adoption of the controlled-access highway by the Indiana State High- 


way Department for 1 the interstate te system, the Major state routes, and all a 


_ Tesponse from all parts of the state acclaiming tl the wisdom and sdusaeiane of 
Property owners and business latanetdin. have set up, and are trying to set 
up, their programs of development in order that they will fit into the future 
facilities. The state is cooperating with these individuals so that the change — 
to the new standards will cause a minimum of disruption. — 


wy *“Let’s Build Safety Into Our Highways,” by Carl Fritts, The Highway Magazine, Armco Metal — 
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4 


> 
First, those benefits that directly accrue to the highway user and sec- 
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a a. 3 has all the attributes necessary to fix it as a permanent improvement. The — 
a a alinement is fixed permanently because of the control of all access, and its — 

a 
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= effective in 1957) was required by the state to provide adequate matching funds os 
‘4 for such 1 new — pin ‘here i is every reason to believe that the vehicle owners 


, _ Highway building will not be limited merely to reconstructing the interstate — 
system, but will also include a . great many major traffic arteries in the state. Bo 


2& 


_ The enactment of the 1956 Federal Highway made it possible for the — 
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history the freeway system in the Los Angeles ( metropolitan 
fed. The construction of the units: of that system, the direct 


and indirect benefits already derived from the completed units, and the bene- 
fitetob be obtained from a of f freeways are reviewed. 


Los Angeles (Calif.) has been an adv of -access high- 
tq ways or freeways. Having an area of 453 sq miles in the hub of a metropolitan i 
area of f more than | 1,200 sq miles, Los Angeles has become increasingly depend- = 4 
ent on automotive transportation. ‘The increased volumes of traffic and the — 
relatively long travel distances have demanded that highways be designed for 
great capacity and high over-all speeds with safety. Urban freeways that 
are built to modern standards probably will provide the e rapid transit elements _ 
of an effective urban transit ‘sy ores 
Between 1937 and 1958, 152.3 miles of freeways were completed and | in 
operation in Los Angeles County, a : and at the close of 1957, 28 miles of freew ways 
were under construction. Routes have been adopted for 230 additional miles 
_ on which the right of way is being protected or acquired and for which tol 
of January 1, 1958, the freeway program the expenditure of 
about $535,000, 000. More than $100,000,000 per yr are being expended in 
Los Angeles County. on yn approved freeway projects.? There are 620 miles of | 
if freeways, including those already listed, in the approved master plan > 
Fig. 1 shows the freeway units that were completed or under construction 
and those that were budgeted or projected in the freeway resolution as +. 


_ By analyzing the ‘completed 1 units and by projecting their demensizate’d 
benefits to projects that are proposed for construction, it is possible to show 


that the Los Angeles area has received, and will continue to ‘Teceive, treme tremen-— 


dous dividends from its freeways. tine of the 
Earty History or THe Freeway System 
a Growing street traffic congestion and mass transit inadequacies finally re- 
_ sulted in a major action taken by the city of Los Angeles in 1937. The mayor . 
— 


4 


_ Nore.—Published, essentially as printed here, in January, 1956, in the Journal of the Highway Divi- a ; 
sion, as Proceedings Paper 874. Positions and titles given are those in effect when the paper was approved 


Asst. Engr. of Design, Bureau of Eng., Los Angeles, Calif. 
“District VII Freeways,” "by P. O. Harding, Californie Highways and Pub and Public Works, January- 
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with support of a Citizens’ Transportation Committee, appointed aT 
- portation Engineering Board to study the problem and submit definite recom- 
vi mentations. The board was composed of Lloyd Aldrich, M. ASCE, the chair- 
man, K. Charles Bean, and Rudolph Weber. 
of an extensive traffic and survey, in which the 
_ Federal Works Progress Administration participated, resulted in the a: 7 
+ report,’ and, in December, 1939, a second maneetes outlined the general findings — 


and recommendations of the board. extensions 
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Colorado Freeway 
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_ Long Beach Freeway~ 
Completed or under oe 


San Gabriel River Freeway NG 


Seale in miles 


1—D VII F 


a ore 1 . The adoption | of a comprehensive freeway plan designed 1 to serve te 


al 2. The progressive construction of the units of the freeway plan as rapidly 


4 8 3. The use of the freeways by express buses and ther provision n of bus-loading is je 
cilities adjacent to the freeway roadways; | 


a “Report of Traffic and Transportation Survey, " The Citizens Transportation Survey Committee, — 
j ‘ “a Transit Program for the Los Angeles Metropolitan Area,” The Transportation Eng. Board, Loe e 
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HIGHWAY ACCESS 
or The provision of wide medians on the freeways, where indicated, for 
and 


5. The coordination of surface transit operations with the express aa 

rapid transit routes along the freeways; and obudi bas 2 

ads 6. The eventual construction of standard- -type, rail rapid ielbiiatien. 
the central business district and elsewhere to the routes 


sible was placed on providing a rapid transit bus and rail service that would 
a greater use of mass transit facilities. 
7 _ The report was received with enthusiasm by officials and the public although 7 a 


"accomplishment of its recommendation would involve years of effort tre- 


The freeway program proved to be the most practical means of accomplish- | 
ing the objectives of of the report, of ‘units was as begun i in 1939. 


7. county, and state engineers, as well as planners, ‘have collaborated to > the 
: 4 fullest extent concerning the location of the routes and the engineering problems | 
_ involved. Several civic organizations have defended the freeway principle; — 
have obtained the necessary increased and legislative 


be 


a Although the freewa ay plan received its first official aa ie. in n 1941. 

. =f the City Planning Commission, units of the system were in the process of con- 
struction before time. The California State Highway Division had 
a already acquired rights < of way for sections of the San Bernardino Freeway and 

Santa Ana Freeway outside of Los Angeles City, 
AS mile section of the Pasadena Freeway, constructed mostly in a » natural 

-_ cany on on land that had been acquired for a park, v was as completed and put into 

operation in 1939 shortly after presentation of the report. This freeway re- : 
placed an existing state highway | route, Figueroa Street, passed through 

- the business and commercial area of the enna Park district of the | tig of E 


cerns believed | ‘that the removal of the thr sees traffic would Pig + 
_ business; the same merchants are at present enthusiastic in their approval of * 
this: freeway. The removal of the heavy traffic from Figueroa Street — 


: pedestrian traffic. In addition, it has resulted in a general growth and a 


3 Simultaneously, a 1.3-mile section | of the Hollywood Freeway through — 


Cahuenga Pass, a natural traffic bottleneck and major connecting route be- _ 
4 tween Los Angeles proper and its San Fernando Valley section, was opened — 
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_ Greater ease of travel increased the daily traffic volume a 
i this ] pass rom 40,000 cars to 60,000 cars ‘shortly : after the freeway was 0 opened. 
: e The traffic volume has increased to more than 185,000 cars per day. opened. 
sl The first completely urban freeway passing through a =a 
al of the city to be considered for construction was the combination of he 
/— Hollywood Freeway from Vermont Avenue to the Los Angeles Civic Center, : 
_ and the Santa Ana Freeway from the civic center to the east city nese 
by Indiana Street. - These freeways with their subsequent extensions were = 
Z a % adopted as the permanent routing for State Route 2 (U.S. 101), an exceedingly 
a important route traversing the city from northwest to southeast. No partic- — 
ular opposition was encountered in adopting the first section, but the — : 
7 that went through the Hollywood district of the city of Los Angeles was bit- 
_ terly opposed. This opposition delayed approval of the freeway agreemen t 
between the city and state for more than a year, ‘during which time, and even _ 
- thereafter, numerous hearings were held before the City Council, the e State 
4 Highway Commission, and even the State Legislature Interim Committees. _ pre 
ae. A characteristic of almost every freeway unit has been that their r proposed — 
My location and construction have been vigorously protested. This has been the 
case even though public sentiment is generally favorable patonee freeway con- 
; _ struction. a It was believed that as more freeways were opened for operation — 
i and their benefits were realized the opposition to the freeways would decrease. 3 as 
This has not been the case. The cooperative and independent studies by city 4a 
7 and state engineers of available routes, with their advantages and disadvan- — . 
"ss tages, have proved inv valuable in obtaining final decisions. It has also been 7 
- - generally characterisitic that once the routing has been approved most of the 


‘The early freeway accomplishments have been followed successively and 
a at a constantly increasing rate by the adoption | of routes s and the acquisition — ; 
and construction of freeways included in the ‘master. plan. _ These 


available for this purpose. The gasoline tax was. cents in 1947, 
7 and another equal increase occurred in 1953, resulting in a rate of freeway — 
. acquisition and construction of fr from om $60, 000, 000 per yr to. $100,000,000 peryr 
_ Probably the most helpful measure that was ever passed to assure the even- — 
_ tual construction of the freeway system at realistic right-of-way prices was the =e 
act (Chapter 20, 1952, Second Extraordinary Session, California State Legisla- 5 
ture, as amended to date) permitting the advance purchases of vacant prop- _ 
erties along adopted freeway routes. This act provides for a $30,000,000 re- 
; volving fi fund, reimbursable from the regular highway funds when allocated for — 
right-of-way. acquisition along a freeway project. It was estimated that in 
=, 1955, the local state highway district had, by the expenditure of aa a 
$20,300,000 of these funds, effected a saving of $133,655,000 in ultimate right- 7 Sa 
of-way costs in this rapidly growing area. This saving is a real dividend, cole . 
_lectible because an approved freeway system exists. ‘The act has greatly en- 
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ACCESS 


the official establishment of routes in 1 advance of construction 


See the protection of the right of way by use of this revolving fund. = 4s 


- Other advantages of the advance establishment of routes are the e assurance — 7: 
stability thus given to the districts traversed. Properties can then be 
developed with confidence and a knowledge of what will happen when the _ 


is constructed. Iti is the uncertainty of not not knowing just where well 


property values. ‘Therefore, 1 route adoption i is an intangible asset of - 

it All financing « of the freeways has been on a “pay-as-you-go’ basis. . This 

method insures that the highway funds are directly used in acquisition and 

- construction and that there i is no loss in ererras charges. _ However, it auto- 
matically limits the rate of construction to the amount of available funds, — 
be _ which at the present time have been insufficient. It is believed by many that 
oe ‘the benefits of the freeways are so great that they would more than offset the 
_ interest payments involved if the remaining badly needed freeways were to wi 
constructed at a much more rapid rate by bond financing. 
The demonstrated which already have been observed of the free- 


DEMONSTRATED ENEFITS OF THE Sawer — 


‘one spite of the general official approval the freeway plan and the 


7 hy acceptance of the freeway idea by the public, there was a growing criticism by | a 
the press and the public of the alleged “high accident” rate and the “high | 


= =— ’ of the traffic using the freeways. Serious recommendations were made 4 


_ for limiting the speeds on the Pasadena Freeway to 45 miles per hr in an 


attempt to reduce the supposed great accident rate. 


om appeared that, in defense of the freeway principle, it would be necessary to 
_ assemble the facts and to make this information available to the public to 
_ counteract some of the growing opposition and unfounded criticism. The a 
Bureau of of Engineering therefore undertook a study resulting in a report’ that — “3 


has been given widespread publicity. § yok 
In this study, for the purpose of a comparison ¥ with ith the existing freeways, “y 


sae i 1. Wilshire Boulevard, a major east-west traffic artery from downtown Los | 
- Angeles to Beverly Hills, with a length of 6.98 miles;and 


$ 


2. Figueroa Street, a north-south state highway from downtown Los Angeles " 
the Imperial Highway, with alength of 8.29 miles. 


a9 ‘The selected routes are well-controlled boulevards having heavy traffic loads” 


— 


aa “under conditions normal to city streets. In a 3-yr period chosen for comparison a 


purposes” (from 1948 to 1950 inclusive), the travel on these arteries totaled 


000,000 vehicle-miles. oiate Lawl odd 
_ Compared with these arteries were the following | freeways which | were in 


operation during the same 3-yr period: = 


__ “Comparison of Parkways (Freeway) with Surface Streets in Capacity, Time Saving, and Safety,” — ig 
y Lloyd Aldrich, report to the Los Angeles Board of Public Works, Los Angeles, Calif., ovember, 1961. a 


ete _ Although the Bureau of Engineering is primarily a design organization, it 7 
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HIGHWAY, ACCESS 


ait 1. The Pasadena Freeway, which goes from ( Glen inion Street, Pasadena, to 
College Street, which is a distance of 6.12 miles; asd jo 
ek 2. The San Bernardino Freeway, which is 2.3 miles long, going from Vignes” a 
‘The’ Santa Ana 


G05 
combination of of the four freeways : for 776, ‘100, 000 vehicle- tmailes. 


* - ‘The comparisons are therefore proportional to the v volumes of traffic. at? ir. 


_ Freeway, « one of the first local freeways constructed, | had been i in operation for — 
approximately 10 yr . Therefore, the Pasadena F reeway is not constructed 
to the high standards of the more recent freeways. The roadway does not 
have the continuous shoulders that are now w provided on : . all freeways. | How- | 


ever, to. compensate partly for this deficiency, ‘occasional parking bays were 


a ere” the time that the comparison was made (1948-1950), the Pa 


Va ATES PER 100,000,000 Ventce-Mines 


freeways 


Combined Figueroa Street and Wilshire Boulevard 4.2. 259.8 


7 added in 1955 -_ The freeway has narrow median strips, curve radii that are 

- Bs: short as 515 ft, inadequate or no accelerating and decelerating lanes at ramp 

connections, and | insufficient | side clearances to piers and abutments. The San 

Bernadino Freeway, following an existing surface boulevard, is also of lower — 
- design standards. The abrupt transition from freeway conditions to surface __ 

conditions at the several terminals then existing created a 


No records were available a at that time the opened sections of the 

a Hollywood Freeway, which is in fact the first local freeway to be constructed i 
= na in conformity with modern design standards. — 

strated safety advantages of the ‘previously listed freeways as compared with a 


surface arteries are all the more remarkable. 
tore 


__ Table 1 presents the recorded accidents on the surface arteries and freeways 

the 3-yr period | between 1948 and 

ee An examination of this table indicates that the combined accident rate of 
the surface arteries for the 3-yr period was 5.6 times that of the Pasadena 
= (48 times that of combined rate of 
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a “ad A summary of the fatal freeway accidents through 1954 indicates that the 


= Hollywood Freeway fatalities per 100,000,000 vehicle-miles was 1.44 based on | 


the surface is 6 times of the and 24 times that 


1,179,000 vehicle-miles of travel, confirming the more favorable effect of modern -_ 
_ design on the fatality rate. The combined experience on the freeways through 4 


1954 was 2.25 fatalities per 100,000,000 vehicle-miles. - This com compares with -. 
fatalities | per 100,000,000 vehicle-miles for surface streets. 
__- -‘The injury accident rate in 1954 for all surface streets in Los Angeles was = 
175 accidents per 100,000,000 vehicle-miles as compared with 57 accidents per — 
_ _‘The statistics indicating a most favorable record for the ‘freeways fully 
= justify the assertion that there i is a decided advantage from a safety standpoint a 
in over that of a highly regulated, heavily used urban surface 


whether there are the contri- 
buting condition is : easily see seen. At other times the cause is not so obvious. — 
It is particularly valuable to know whether geometric design features have 


contributed to the more severe freeway accidents. A ‘aise 


= in Los Angeles, through October, 1955, ; is of interest. Eleven of the ronal 


_ involved i in the 46 accidents were classified by the police as being drunk. _ Two 
44 additional drivers were known to have been drinking. . Ino nly 2 of the ll 
<M accidents involving drunken drivers was anyone other than the driver or an 

- occupant of the car killed. Five of the deaths were pedestrians, one of whom 
had been drinking; eater was a flagman who was struck by a vehicle that 

was traveling at a rate of only 15 miles perhr. Only 1 accident was attributed | 

to a mechanical failure resulting in a car crossing the center strip. 
_ Drivers who were 25 yr or younger accounted for 20 of the 46 accidents. 
In 29 accidents only 1 vehicle was involved. if Sixty-nine percent of the neg 


_ dents occurred during darkness although only 30% of the traffic is at night. __ 


Inadequate fr freeway design standards appeared to be a minor contributing © 
 eause. In those cases in which inadequate design | standards were the cause, 
a the design was usually inferior to the present standards. Four of the 5 acci- 

“4 dents on the ‘San Bernardino Freeway appear to be in ‘this category. : Int three 

of these cases the narrow dividing strip was s crossed on curves with less than Z 
— the existing minimum standards. The fourth occurred at a site at which the 

oncoming traffic introduced into the high-speed Jane. Nine accidents 

ans at ramps leading off the freeway ; 2 of these accidents 3 invetved 2 


inherently a facility of outstanding traffic when it is properly. w used. It 
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be that with the aid of the proved operating and 
a porte. that are being studied and developed by the traffic engineers om 
enforcement officers, the safety record can be greatly improved in the future. | 
Capacity — A comparison was made of the relative capacity of the freeway — 


as compared with the capacity of the urban surface traffic artery. To ‘secure 
the maximum use the traveled surface in the urban area, from 


journey, as well as the lesser streams of traffic c crossing the r major arteries. — The 
result is that the most favored surface arteries carry a maximum of about 625 : [— 
_ vehicles 5 lane per h hr. This rate is comparable to ‘many of the freeway lanes J _ 


lly and safety, they penalize the individual driver at some point in his i, 


; - when they operate under pressure, carry as many as 2,200 vehicles per lane — 

“Time Savings.—That high speeds are common on the freeways also’ aa 
not sustained by facts. More than 10,000 radar readings on the Pasadena Loo 7 
_ Freeway have established an average speed of 46.4 miles per hr between the 

‘Six test runs were made on surface streets paralleling the Pasadena Freeway z= _ 

val ; and its proposed extension via the Harbor Freeway. Seventy-three signals a 

3 _were encountered in a distance of 19.2 2 miles, and an average speed of 20.8 miles — 


| 


‘per hr was recorded. On two trips at different locations, the travel speed w was ior 


faba to 6 miles per hr for a distance of 1} miles. PHRASE ST 
_ Similar test runs paralleling the San Bernardino-Holly wood-Santa Monica — 
Freeways for a distance of 30 miles showed an average speed of 23.2 ‘miles per p> 
hr. One hundred and fifteen signals were encountered, and speeds were i 
reduced to less than 10 miles per hr in many places, the lowest speed recorded : 
he for any half mile being less than 5 miles per hr. 
Summary of Physical Benefits —The 1951 study showed that, in comparison 
hi with a surface traffic artery, the freeway moves 3 times as much traffic in one- 
the time and with one-fifth the risk of anaccident. 


wasn Direct Economic FROM FREEWAY Use 


Report on “Economy of Freeway” —The great costs of the right « of way and a 


- the construction resulted in a criticism of the expenditure of the vast sums of p : 
_ Money allocated to the freeway projects. The freeways were termed “gold ba 


- - plated,” and there was a tendency to emphasize the improvement of the surface 
a arteries ata considerably smaller first cost. Having ¢ demonstrated the physi- ; 
« cal benefits of the freeways, it was ooiinad necessary to measure their mone- | 
A _ tary value. — The motorists should be informed of the advantages of the freeway ; 
— in terms s of the financial cost. - ‘The legislative an and public support for the free~ 
_ Way program to continue must be gained and held. | In constructing freeways 
the motorists’ money was invested in a Roailiey returning ‘some substantial se, 
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‘his led to publishing of the in which every effort was 
a made to be conservative and to establish values that could be listed as minimum — 
benefits that could not effectively bo challenged.) fe 
Operating E Economies. —By the use of speed and delay studies and fuel savings — . 
tests, which are fully described in the report, it was possible to establish a 
- minimum saving of 0.33 cent in gasoline to motorists using the freeways and 
= 24 cent in maintenance savings per vehicle- mile. Other estimates in ll 
report are are based on research and reasoning rather than on experiment. — ‘The 
American Association of State Highway Officials (AASHO) in a report’ agreed 
closely with the figures previously mentioned that were e obtained byt the Bureau q 
of Engineering of the city of Los Angeles. motte | Kew, 
Accident Savings. —The assignment of an economic value to the accident — 


‘savings was probably a new idea at the time of the report. The local freeways, — 


while operating under the then unfavorable conditions of short lengths and 
a -_overluading, consistently maintained an accident record that is many times 
better than that of the surface traffic arteries of Los Angeles, which are the best 
. controlled and most efficient of surface boulevards. Therefore, it seems reason- 
able to include the reduction of accidents as a us a fixed characteristic of modern 4 
freeways and to enter it as an economic credit. The value applied to accident 
savings was determined by using the records of the California Insurance = 


24 
— .; the auto insurance premium costs, , excluding theft, fire, ‘and compre- 


- sumption. This ‘information resulted in the determination of an accident 
"savings of 0.56 cent per vehicle-mile due to the use of the freeways. coup ra, 194 
a The Value of Time.—Time savings are of considerable and actual worth, 

- 4 but it appeared difficult to assign a value to them. In the case of a commercial 

_ vehicle, a saving in the driver's wages and an increase in the number of trips ~ 

‘per day can be measured in terms of money. However, it is not so easy to’ : 

assign a value to pleasure time or to time spent in going to and from work. " 

a i Therefore, because the report was conservative, the saving in time for plea- 
“% sure vehicles was completely ignored although this omission is probably debat- 
2 able. However, the time value of trucks was distributed to all the vehicles in 
the proportion of trucks to the total traffic, and an average value for time 
savings of 0.87 cent per mile was obtained. tradi’ sucht. 
; <a Summary of Report. —A summation of operating savings, accident savings, 


servative eatimate of 776,100,000 of travel over 16. 
miles of freeways in operation for a 3-yr period results i in an indicated ‘saving 
of $15,522,000. The original cost of the 16.57 miles of freeways that 1 were 

_ studied was $42,027,000. If the savings could have been applied to the pay- : 
- ment of the freeways, their original cost would have been amortized in about 3 yr. j 
‘This a agrees closely with a later study,* which states that, based on test runs” 


. by engineers other than those employed by the Los Angeles Bureau of Engi- © 


§“The Economy of Freeways,” by Lloyd Aldrich, report to the Los Angeles of Public Works, 


User Benefit Analysce for Highway A.AS.H.O., 1952. auld 
App praisal of Freeways vs. Surface Streets in the Los aes ae Seepeien Area, Automobile — 
of Sout ern California, Los Angeles, Calif., 1954. 
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- neering, Los Angeles ‘motorists | save $50, 000, 000 per ones on n 45. 1 miles ¢ of — 
pleted freeways estimated at $143,000,000. | Os this basis the freeways would — a 
also pay for themselves in lessthan 3 yr, 
the economic figures developed by the Bureau of Engineering, the Auto- __ 
my mobile Club of Southern California, and AASHO receive wide recognition be- god 
cause they clearly show the enormous value of 
~ reports: have indicated by various studies the direc 
Indirect Benefits—The additional indirect benefits of the freeways cannot & 
be evaluated easily in monetary terms. The 1952 AASHO report’ contains —— 
no value for traffic accident savings, but it does include a definite value for 4 
comfort and convenience. Other benefits are (a) the stabilization or enhance- __ 
ment of property value; (b) the ability to plan properly for the land use and _ 
the zoning of adjacent areas to provide the most effective development of the ee 
area; (c) the relief of existing overburdened surface arteries; @ the doubling aa 


Pye ae access to recreational or cultural facilities; (f) the increased coe 
in times of disaster emergencies; (g) the increased tourist travel; and (A) all 
other advantages of the betterment of transportation. The benefits to the © 
_ large quantities of traffic that continue to use formerly heavily congested surface ~ _ 
arteries after the freeway 8} system is built are not usually visualized. - Before- 

wi and-after surveys have shown that the removal of through traffic from surface aa 
a arteries to the freeways is of benefit to community business, property values, 

* surface travel time, and safety on the surface system. In addition, the intended es 
4 use of the freeways by express buses will greatly increase the economic value 

* of the freeways to the general public, of which motorists are a e a large part. — ae 

Pe monetary value of these benefits could be great because they are so vitally inte- _ 

z grated with the general financial health and progress of the region. If there 
.- were no freeways the region would suffer losses. . This thought is amplified — 

in an article® * enumerating the many benefits of the freeways constructed in the “ 


as ‘The rate of both residential and industrial growth has been greatly spurred — mil 
- e in the areas adjacent to the San Bernardino Freeway and the Santa Ana Free ree- = 
way. When they were planned, these freeways crossed lands that were almost — a 
wholly devoted to agriculture. These areas have since experienced aresiden- 
tial and industrial development of amazing proportions. 


; ct Attention should be directed to before-and-after construction studies that 


mented evidence of the direct benefits hat, have accrued to various of 


r-—~ to establish the benefits of a freeway system ano with ae 


‘Revealing Direct Benefits from Freeway Development, by Paul Californ 
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‘The value of a freeway increases as it becomes ina a 
tem. | Temporary terminals with their resultant bottlenecks are eliminated, a 
and a more flexible use of the freeways to reduce surface-artery congestion is 

f, ma Furthermore, it is difficult to use a , single freeway most effectively for express 
bus service. Express bus operation is dependent on surface feeder lines, which — 
_ cannot be established effectively until express bus service is available on an in 
‘The failure to construct the freeway units of a system rapidly enough 4 
resulted in an overloading of the freeways that have been completed, thus 


reducing. their efficiency. example, the Presently 


40% and 48% of the traffic on Sunset Boulevard and wal Street, respec- 
_ tively, was diverted is understandable because these streets closely parallel the — 
freeway. However, a traffic reduction of from 20% to 30% on streets such as 
‘Olympic ‘Boulevard and Riverside Drive, which are located as far as 2 miles — 
from the freeway, indicates the need of the Olympic and Golden State Freeways, 
which: parallel these streets. _ Although the Hollywood _ Freeway carries this 
heavy load well, with peak hour flows of as great as : 9, 000 cars per hr in one 


_ tion of freeways is permitted only as Tapidly as the funds become available. 1 7 
Although the freeways i in Los . a oat are at a being constructed at the ; 


money invested should be built first. do 
pt Selif freeway benefits are as , great as is shown by the analyses, an attempt 


should be made to expedite their early construction by a method of Snensing 4 

other than. than, or supplemental to, the pay-as-you-go 

Determination ¢ of Freeway Priorities —In considering ‘the first major 
previously mentioned, it seemed necessary t to determine a ratio between the is 
freeway costs and the benefits for different conditions of traffic demand, terrain, 

and local development. This cost-benefit ratio has two purposes: One is 3 


determine if a freeway i is as compared with a the improvement or recon- 


“A Study of Freeway System Benefits,” by Lloyd Aldrich, report to the Los Angeles Board of Public 


abstract and general benefits derived from a previous report. This was done 
— 
— 
hug — 
— 
a ection on a four-lane roa way, 1t does so at reduced speeds an with a poten- 
pete ss tial congestion that can be caused by the slightest accident or emergency. _ =e 
7 There is little doubt that this or any area would be of benefit if the proposed 
— 
provide the freeways as rapidly as they are needed. The freeways demanded 8 
ae og 5 q by the present traffic flows greatly exceed the present operating freeway system. | 
_If it is necessary to continue to construct the freeway system on the basis 
— 
— 
— 
— : 


of one freeway route with another, or to establish ¢ correct priority for con- 
structing the individual freeways of a planned system. om ola 
In justifying the first cost of a freeway, it is desirable to be extremely con- 

Ss servative, as was the case i in a previously mentioned report,* and to avoid using = 
any controversial values. — _ However, in comparing the value of two proposed 
fl _ freeways, an important f actor is the proportion of truck traffic to the estimated = 
- total traffic. Ifa time value is used fcr trucks only, the comparison is in favor — 

na of the route that will carry the greatest quantity of trucks even when > 
_ largest demand and the greatest traffic relief favor another route. For situa- 
tions in which a motorist is willing to drive additional miles in an attempt > 
save time, or to pay a toll for the same purpose, some measure is given of the 4 
value he himself puts on his time. quisiq baa eed doidw 
_ Therefore, in the most recent report’® of the Bureau of Engineering, values — . 
have been tabulated for passenger car benefits, with and without time savings, 
and benefits for pickups and trucks using the freeways. Average benefits com- 
puted for a large mileage of the proposed freeways are shown in Table 2. 
For computing truck benefits for the individual freeway routes, the Cali-— 
- fornia Public Utility Commission’s constructive mileage ratios have been used. 
m to shent eaw lo moleva hods oy 
TABLE 2- —AVERAGE BENEFIT Per ‘VuHICLE- -MILE ew 


Av e annual» Average annual | Average benefit 
vehicle-miles, benefit, in per vehicle-mile, 
inmillions millions of ‘dollars ineents 
Passenger cars without time value 8 ‘1 


08.2 7 


It is ; designed to ‘compensate for adverse | physical conditions of the a 

~ such as grades, poor roadway surfaces, curvatures, traffic signals, congestion, — 
and other factors that add to the cost of truck operation in excess of the coma 

a In order to estimate the benefits of a particular freeway route, it is necessary — 
to estimate the anticipated traffic volumes at the time the freeway is put — 
‘operation and the anticipated traffic ¢ growth i in 20 yr. These volumes must be - 
divided into percentages of passenger car traffic, pickup traffic, and truck traffic. 2 

From these volumes and from known of the 8, an estimate of 


a... Estimates of the first costs of the seins units can be made by sandarised 


= 


| 
‘ 
4 
“a 
= 
structive mileage ratios, a weighted average benefit per vehicle-mile 
F a Thus, a measure of the value of the freeway is determined, and th Bee 
be compared with the value of the old or surface route; by relating t 
to the benefits a cost-benefit ratio can be obtained. The cost-benefit 


= the measure e of the v value of the von as s compared w with other fr eeway routes. — : 
It is also a measure of the relative value or priority of the individual a 
order r to demonstrate this method and its results, computations were 
made of | the cost-benefit ratios of four typical proposed freeway units of the _ _— 
Los Angeles freeway plan. Two routes, the Industrial Freeway and the Golden © 
State Freeway, will carry a heavy percentage of trucks and pickups, and, thus, 
were found to have cost-benefit ratios of 4.5 and 3. 4, , respectively. One ofthe _ 
- routes, the Olympic Freeway, will carry an exceedingly heavy volume of pas- 
_— senger ca cars, with a low percentage of trucks and pickups. However, the cost- 
benefit ratio was also 3.4, which was ‘equal to that of the Golden State Freeway, __ 
s has heavy truck and pickup use. The Colorado Freeway, the fourth 
tot be compared, chews a a smaller total volume of traffic and a a 


Benefits from a Completed System of Freeways. Thee approved 1955 ol 
aw plan of freeways included a total of 620 miles, including those freeways that 
Me were already built, those that were being | constructed, and those that were being im 
authorized. To demonstrate the tremendous benefits of even a partly com- 
Fr | pleted system of freeways, a study was made of a group of representative free- _ 
>. projects in the Los Angeles metropolitan area, not including those projects 
already completed or budgeted. — . These projected freeways totaled 185 miles, _ 
_ which, when added to the freeways already assured, would | increase the total 
2 > approximately one-half of the system contemplated by the master plan. aa 
_ The estimated cost of the 185 miles of freew ays was $775,000, 000. rine gamers? r 
_ The reduction of annual benefits to a present value, with an interest rate vj 
—-0f 3% compounded annually, indicates that the benefits would equal the initial 
cost of the 185 miles in less than 7 yr (passenger car | car time savings included), or d 
_~ 15 yr (if passenger car time savings are not included). In addition, for we 4 
 20-yr period the benefits would be ‘more than 3 times the original c cost, with 
an interest rate of 3% and including pa passenger car time savings. iunasizoh, ec I 
“ Buch facts as have been demonstrated by the findings for the Los Angeles _ 
_ freeway system, and which are applicable to to any freeway-type highway or 
system wherever properly y proposed, raise a question as to the adequacy ¢ of 
existing financing methods. These facts provide justification for considering 
‘To justify such an | expedited freeway construction program, it is necessary ; 
7 - to demonstrate that (a) the design and planning can be sufficiently expedited; __ 
_ (6) the purchase and the clearing of the rights of way can be accomplished ; ye 
and (c) the contractors have supplied, or can supply, the needed construction an 
equipment and services to complete the accelerated program. It has’ been 


“highway user but to the well. The planning and ‘construction 
“of freeways should therefore be accelerated to meet this outstanding local and 
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USER BENEFITS IN ‘CALIFORNIA 
RALPH A. Moyer,’ A. M. ASCE to 


An analysis is given of the highwny-user benefits 1 resulting from the easly - 
oe completion of the freeways with full control of access that comprised the 1,912 | 
"is, ‘miles of rural and urban highways i in California on the National System of | 
Interstate Highways in 1955. The analysis is important in determining the 
~ economic justification for the $2,300,000,000 needed to complete the California 
Interstate System during a 10-yr period. bart Yo to soi 
ra ol It is shown that the estimated user benefits i in n the first 1 10-yr r period totaled 
$1,000,000,000, which is greater than the total interest on the investment for ; 
period of 30 yr. The estimated user benefits for a 30-yr_ period | approximated 
- $8,000,000,000, which is more than twice the amount of the total interest and 


the principal that would be required to finance the Interstate Sy stem. 


Control of access is the primary factor which makes it possible for freew: ays 
to carry exceptionally large traffic volumes and at the same time provide savings — 7 =a p 
and benefits to users that fully justify the right-of-way costs and the construc-— : : 
costs of the freeways on this system. ton, 
_ The analysis presented herein indicates the magnitude of the funds involved oS 4 
: the construction of freeways an and in the operation of the traffic on them. b te Soh” 
Such an analysis is of major importance in n evaluating the “Grand Plan’’ pro-— is 


posed by President Eisenhower in 1954 for an accelerated, integrated, national = 
Pe During 1954 and 1955 the foregoing plan stimulated a greater interest in 
_ the national highway program than any previous plan in the history of highway a 
development in the United States. The plan encompassed all highway needs — 
(as of the period from 1954 to to 1955) and the projected ‘needs during the next 
three decades. It involved a total expenditure of $101, 000,000,000 between — 


1955. and 1964 to to improve the roads and streets in all road systems. _ Top 


od priority was given to the modernization of the 40, 000-mile National System 
vo of Interstate Highways, which, it was proposed, should be financed mostly 

Doubt was expressed that the federal government and the states would 


4 agree on a plan to finance a $101,000,000,000 program. — However, the highway __ ‘4 
te situation was | so critical that only a bold plan, such as t the one proposed by the 
President, could resolve highway- traffic problems. It was important that all 
a 2 factual data pertaining to the financing and the economic justification for 
4 


.. _ Norg.—Published, essentially as printed here, in January, 1956, in the Journal of the Highway Divi- s 
sion, as Proceedings Paper 876. ositions and tithes given are those in effect when the paper was approved y a 
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United States Congress and the states reached a either for ‘the 

Although the analysis of highway-user benefits is an ‘important in 
_ determining th the economic justification for the expenditure of highway funds, ‘ > 


a it is only a part of a much larger study that should be made in developing ; 
sound highway program for each state. Studies such as the state-wide 
-planning surveys and the engineering investigations, in which prac- 
- tically all states have cooperated with the Bureau of Public Roads, United — 4 
4 States Department of Commerce (BPR), since 1935, have great value and im- | 
portance. These surveys and investigations provide the basic facts for the ; 
and evaluation of the President's program, but their value an and 
"a importance are not generally understood. Therefore, it seems appropriate to _ 
Telate | the porerbenel analysis to the broader features of the highway-planning — = 


5p 2s 


_ IMPORTANCE AND SIGNIFICANCE OF THE StaTE-WI 


a, The large-scale highway pro; program ‘proposed by the President represents the — 
- culmination of 20 yr of intensive fact-finding through the state-wide planning © 
surveys and engineering investigations. The latter were begun under the pro- 
_ visions of the Hayden-Cartwright Act of 1934,* which authorized the expendi- __ 
ture of not more than 14% of the amount of federal-aid highway funds appor- __ 

- tioned for any year to any state for highway-planning surveys and engineering i 
the time the ~highway- planning surveys were initiated, they were de- 

“They. consist of a number of related studies that seek to yeok to determine th _ 
present state of the whole rural highway system; to rate the service rendered 
_ by the numerous parts; to prepare the way for a selection of that part of 

the whole system which, by reason of its relative importance and oe 
utility, so far as we may now see, merits inclusion in future iepemenes 
plans; to assemble the facts necessary for an estimate of the ultimate cost — 
of owning and maintaining the economically necessary improved system; 
ne all to the end that a definite economically and socially defensible, integrated 
highway improvement program may be established and the future of high- _ 
_ way transportation may be protected from the hazards inherent in short- 


sighted and shifting public policy.” 


Iti is significant that state-wide highway- surveys, which w were 


important changes i in the pattern of highway since the surveys 


_ were initiated in 1935. The full impact and the significance of these changes _ 


- — 


_-* Public Law 898, 73rd Cong., U. 8. Govt. Printing Office, Washington, D. C., June 18, 1934. yildesg wt oa 4 


4&“Highway Practice in the United States of America,” Public Roads Administration, Washington, 
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ean be determined because the basic one and highway fact date, have been 
carefully s studied during the past 20 vistewvial ~ 


Tae INTERSTATE SysTem IN CALIFORNIA 


on One of “the important results of the | planning surveys was the establish-_ 
i ment of the 40,000-mile National System of Interstate Highways. “Traffic 
- surveys show that this system carries more than 14% of all highway traffic 
i . the United States, although it represents only 1.2% of the total road mileage. 


- In Table 1 the mileage and traffic data for the California Interstate System 
‘TABLE 1.— Mizeace anp Trarric Data FOR THE CALIFORNIA 


Classifi ‘Mil 54 
» 


Urban interstate . : 245.5 393,000,000 


as of 4 are given. It i is interesting to note that the urban mileage, which E 


4 highway traffic on all streets and in the wate. Truck traffic, 
including buses, represented 12% of the total traffic. The remaining 88% 7 
consisted of passenger car traffic, w which included panel trucks, pickup trucks, , 7 


a: TABLE 2.— Costs ror RicHT or Way . AND CONSTRUCTION OF THE on 


Caurrornta InrerstaTe System IN A 10-Yr Program 


Right-of-wa: from 1955 to 1964 $124,807,000 | $1,022,180,000 


‘Total tal ost per tl, "$855,200 


‘The costs of a 10-yr program for constructing wh Interstate System to full © 
tailongy standards and to specifications that will be adequate for traffic 20 yr 
hence, according to estimates prepared by the California Division of Highways, 7 
are given in Table 2. For the rural section of the Interstate System, the right- 7 


of-way costs” are one-fifth of the total cost of the rural 


is approximately three times that of the rural section. The total cost for a 


Baa Peer for get of way and for construction of the California Interstate 
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gtate Svstem. carried one-third of all traffic on the system, and that the traffic 
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“HIGHWAY A ACCESS» 


wil eeteen io is e estimated at at $23 21, 553, 000, or nearly 10% of the ‘estimated cost for * 
the National Sy: stem em of Interstate Highways i in all states. wh 


-Anatysis oF Highway-User BEnerits 


In this study, highway user-benefit data were used as well as other 
data , developed by: the writer through research studies conducted at Iowa State 
“of thet at Ames, and at the Institute of and Traffic 


Another useful source is the report’ on freeway benefits by the engineering — 
department of Los. Angeles. Both reports deal primarily with an analy ysis of 
es the benefits in the operation of passenger cars; they provide only limited data — 
concerning commercial vehicles, such as buses and trucks in various weight — 
a classifications, which are such an important part of traffic. ‘ Buses and trucks 
_ complicate the study of user benefits because they strongly influence such 
a factors in vehicle operation as speeds, time savings, accidents, and costs. ' 


ng truck and costs car 


effects of grades, traffic stops, time moma 
a greatly depending on local conditions. The importance of lovelies more 
a reliable and complete information with regard to operating costs for many 
different conditions for r all major classes of commercial vehicles is ‘apparent: E ; 


when it is recognized that approximations, when applied to the benefits pre-_ 
dicted for a project life of from 20 yr to 30 yr, may result in errors of millions 
dollars on a single major project. “eel 
a The need for highway improvements ; and the benefits derived from them _ 
_ has been so great that highway engineers have seldom considered it necessary a 
to make a careful analysis of user benefits and to demonstrate the economic _ 
justification for the expenditure of public funds for building ng roads and streets. a 
However, when a $101,000,000,000 program is considered, engineering Tespon- — 


sibility becomes greater than in the past. As a result 0 of this program, a fixed a a 

"pattern of ‘transportation, notably in 1 metropolitan areas, probably will be 

4 established for the next 40 or 50 yr. The investment of $100,000,000,000 in 4 . 


highways v would be 60 costly that it would possess a degree of permanence that 
could threaten pro progress in planning future transportation facilities, especially 
especially for large metropolitan areas. Therefore, highway engineers should — 7 
plan wisely for the future, not only by ming the facts that are furnished by the | 
q highway- -planning surveys, but also by developing n new facts that are urgently os 
_ needed to plan transportation facilities for large metropolitan areas, — 


Highway engineers should consider carefully certain practices recommended 


by the Subcommittee on Benefits and Cost of United States Federal 


Inter-Agency River Basin Committee. The subcommittee reviewed the 


#“Road User Benefit in Rural Areas,” Committee on and Policies, A.A.S.H.0., 
Washington, D. C., 1955. 
of Freeway System | Design Div., Eng. Dept., Los Angeles, 4 
Practices for Economic Analysis of River Basin Projects,” on Benefits 
and Conte, U. Federal Inter-Agency River Basin Committee, Washington, D. C. 
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ent benefit-cost ison various agencies and formulated 
_ acceptable principles and procedures for determining spare and costs for a 
all water-resource projects in the United States. 
707 The purpose of the procedures 0 of economic analysis set hi by the mb 
committee was to determine and evaluate the most effective use of the economic 


resources | of the ‘United States i in 1 developing, and programming water-resource 


1. Standards for the measurement of benefits and costs; 


* 
Classification into primary (direct) and secondary (indirect or induced) 


eral Effect of the price levels (present and future) ; pyla-zawsiais. adTct.. 

Interest rates, discount rates, and risk allowances; nud ded 

4 5. Period of the analysis—project life and economic life; 

6, Adjustment for varying levels of employment and economic ic activity; —— 

ats 


8. Effect on production a as determined _ the amount of, and value placed 
9, 


analyses of highway projects. However, the practices with regard to the pro- 
cedures used in making these analyses vary greatly in different states . Fre- 


quently, none are made, or if they are made they are often sketchy and over- 


The analysis « of benefits for | the California Interstate System presented 
herein considers two major items—the user benefits and the project costs. — 
Analyzing on a system basis, rather than on a project-by-project basis, ee 
_ oversimplify the solution. However, the solution presented indicates the mag- 


fication: for a “program | in a given 1 state. Furthermore, it may stimulate 
greater interest in developing standard procedures and the necessary oa 


P SER BENEFITS ON THE URBAN FREEWAYS IN THE CALIFORNIA 


_ User benefits on urban Part consist of sav ings in time costs, vehicle 
, ~ operating costs (fuel, oil, tires, and repairs), and traffic-accident costs. It is rs 
_ assumed that full freeways will be built on all parts of the urban portion of the Rie - 
California Interstate System, which will provide full control of access and the => 
complete elimination of intersections at grade, vehicular traffic conflicts, and 
pedestrian traffic . Geometric design features will be used to expedite the safe < 


weighted average benefit of 4. 16 cents per ‘the urban 


ef Ad 
freeways: in the Interstate System represents the average benefit or saving 


— 
> 
ia 
a 
a 
nitude and the importance of user Denents in determining the economic juUsti- 
i 
— 
a — 
— 


HIGHWAY ACCESS 


at grade controlled with traffic signals that require frequent 
‘The time-cost savings of $1.35 per hr for passenger cars and $3.00 perhrfor 
trucks and buses are the e values used by the California Division of Highways and — 
the Los Angeles. engineering department for -highway-user benefit studies. 

The AASHO Committee on Planning and Design Policies also adopted‘ a time ~ 
value of $1. 35 per hr for passenger cars as of 


opinion for a logical and practical value. aft tol 


It is difficult to establish a time value for passenger cars, but there are ws 


iy @ ‘The highway-planning surveys in California a and in other : states have 


trips. oti ne bas aul tos ling oft lo 
oat 2 In many studies the time : saved i is the most reliable factor to considered 


a saving in time when with trips that could be made by the 
Same cars using the nearest alternate route. 
8. Motorists have been willing to pay a toll to travel on turnpikes where 

° _ _ the principal user benefit is the time saved; recent studies made by the BPR 
have shown that a time-saving advantage i is shown in more than 80% of the 
trips by passenger cars using the Maine Turnpike and the Pennsylvania — 
_turnpike.”* The time-cost Savings per vehicle-mile for cars is 2.61 cents; 
the corresponding value for trucks and buses is 3.18 cents per vehicle-mile; 


7 


= 


“those used by the Los Angeles engineering department in its studies of freeway 
benefits. The savings in operating costs are due primarily to the elimination _ 
of traffic stops | on the freeways, which permits all classes of vehicles to operate — a 
on the freeways at uniform speeds. _ The operating costs for various types of — a 
vehicles can be measured for any given project and are, therefore, costs that 
can be established with a greater degree of accuracy than the time-cost savings .) 
and accident-cost | savings. The operating-cost savings adopted are average a 
values considered to be representative of the benefits in operating cost provided _ 
by full freeways it in urban areas. For passenger cars the  vehicle-operating-cost 
oa saving i is 0.52 cents per er vehicle-mile, and for trucks and buses this value is 


«cy 


alt The accident-cost saving of 0.6 cents per vehicle-mile is the same value as 
that used in the freeway-benefit study by the Los Angeles engineering depart- a 
ment, although a slightly different procedure was used in computing the acci- 
The California highway safety record 0 on 1 full freeways: from 1941 to 1954 


Pennsylvania Turnpike Traffic Analysis,” by Daniel ’Flaherty, Vol. 28, October, 


cents per vehicle-mile. The ) vehicle-operating-cost savings for all vehicles 


— a] _ resulting from the operation of cars, trucks, and buses on full freeways instead _ a -_ 

shown that Irom to OI the total passenger car travel is Ior Dusiness 
a 3 | 
— | 
Fe 
4a 

— 
— 
— 
— 

— 
— 
— ¥ 
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b state highways are given for 1954, eulesheradl the traffic and accident a 
— data on full freeways | for ‘the l4-yr period in which the full freeways have b been = 
in operation. The average daily traffic for the given mileage of full freeways c= 
- for the period from 1941 to 1954 was 41,822 vehicles. The low fatality ra _— 
_ on the full freeways indicates best the accident-cost saving provided by full 
The city of Los Angles computed the average accident cost per vehicle-mile _ 
as 0.7 cents, based on the monthly reports r received from the California Insur- > 
ance Commissioner of automobile insurance premiums (excluding theft, fire, 
_— comprehensive coverage). By using the BPR estimate of total highway 


imately 0.7 cents per vehicle-mile was aleo obtained ni 

TABLE 3.—1954 Trarric AccrpEent Data on Rurat Stave Highways 
ON Rurat AND UrBaN Freeways IN CALIFORNIA 


Number of af Miles | dail per million 


vehicle-miles vehicle-miles 


divided expressways. 
J freeways—1954, rural and 


3 
4 
4 
4 
F 


Full freeways from 1941 to 1954 | 41 (822 
—rural and urban¢ 


: -- ® California Division of Highways traffic and accident data. » Total traffic on the 131 miles of freomere 


opened to traffic in 1954 was 2,161,000,000 vehicle-miles. ¢ Total traffic on freeways was 6, 420,000,000 


Angeles studies of traffic accidents showed that on freeways 
- that area involved only one-fifth of the accident risk that prevails on typical 
surface routes. _ With four-fifths of the accident risk removed, the Los Angeles 
a engineering department ‘computed the accident-cost. saving on the freeways to 


be four-fifths of the 0.7 cents per vehicle-mile, or 0.6 cents per vehicle-mile. __ 
In this study the accident records of the California Division of Highways 
wer 
| of accident costs was the fatality n record. 
_ From 1949 to 1954 the fatality rate for the rural state highways in California 
- was 9. 6 per 100 000,00 000 vehicle-miles, and q on | the major city streets comprising 
the state highway system fatality rate exceeded 10.0 per 100,000,000 
 yebicie-miles, ‘The average fatality. rate on all streets and highways in the ; 
per 100,000,000 vehicle-miles. On the full freeways during ee: 6: 
14 i ade ‘the fatality rate (Table 3) was 2.15 per 100,000,000 vehicle- -miles. 
On the basis of these data, a conservative estimate of 0.9 cents per vehicle-— “ 
sf mile has been used i in this study | for the accident c costs on the major city surface 
: in streets ¢ on the Interstate Sy: stem and 0.3 cents per: er vehicle-mile on full freeways. 


travel per year and the determination of the annual cost of highway accidents — 7 ; 


| 
| 
— 
: — 
= 
4 
| 
| 
| 
— 


_ The difference in in these t two costs, totaling 0. 6 cents per 1 ciliata nee 
_ conservative ve estimate of the sa saving in accident costs provided by full freeways. — 


BENEFITS ON THE RURAL REEWAYS IN THE CALIFORNIA 


s accident costs, which are the s same as those that were used on the urban por 
tion of th the Interstate System but on a greatly reduced basis. Not all the 
= mileage on the rural portion of the Interstate System will consist of the full 
_ freeway-type facility. The present highways on the rural portion of the In- — : 
terstate System consist of two-lane, three-lane, and a considerable mileage 
the four-lane divided and undivided highway and expressway classifications _ 
_ listed in Table 3. A large part of the present mileage consists of freeways that 


traffic stops, and the traffic volumes are lower than on msten expressways. _ 
There is less congestion, and the speeds of vehicles on the existing highways 
on the rural portion of the Interstate System are greater than the speeds of | af 
oa 


in the user 7 banlliie: for the rerat freeways 0: on the Interstate System when © 
compared with ee benefits previously listed for the urban freew ays on the — 

the rural ays in the ‘California Sy: stem, it is estimated 

’ dr that the average speed of passenger cars will be approximately 60 miles per hr, 

based on speed surveys on existing freeways i in rural sections. ‘The average 

speeds on the existing rural highways on the Interstate System range from 40 


a miles per hr to 50 miles per hr. Although the proposed rural freeways for le 


Interstate System will provide improved alinement, a reduction of grades, and — 
the elimination of traffic stops, the most important improvements of this type © 
have already been made on more than 1,400 miles of the rural portion of the — 
California Interstate System. Test runs with passenger cars on considerable 
mileage | of highways i in the rural portion of the Interstate Sy stem have indicated — 


J 


_ that the vehicle operating costs at the lower speeds of from 40 miles per hr to a 4 5 


miles per hr on the existing mileage will average approximately 0.5 cents per 


‘mile to 1.0 cents } per ‘mile less than the corresponding cost for vehicles operat- 4 4 


ing at a 60-miles-per-hr average speed on the rural freeways. — _ Using the 
_AASHO time-saving cost of $1.35 ) per hr fa for passenger cars results in a a time 
ga saving of 0.75 cent per mile while driving at an average ner of 60 miles per 


passenger cars is the the California accident sta- 
- tistics indicate should br be approximately the same on rural freeways on the 


Interstate System as they are on the urban ‘freeways, or or 0. 6 cent per vehicler 


__ The benefits for trucks ¢ on mn the rural freeways on n the Interstate wiles are 


= 


» 


— 
> 
— 
— 
a 
3 
| 
— 
— A time-saving benefits on the rural freeways are almost offset by the increased — 4 : 
j 
— 


4 costs for trucks than for cars. i "The increased speed of trucks on the <i 
freeways of the Interstate System will increase the fuel, oil, and tire costs. ee 
__ However, on the basis of the available test data, the savings in operating 
os sosts for trucks provided by highway i improv ements on the rural freeways of — 
& the Interstate System will approximately equal the increased certs costs 


‘The time-cost saving for trucks ‘using an truck 
: of 35 miles per hr on the existing rural highways and 45 miles per hr on 
rural freeways. Using the value for truck time costs of $3.00 hr 
results in a time-cost sav ing of 1.9 cents per vehicle-mile. Bi ee tt 
te accident-cost saving for trucks on the rural freeways in the Inter - 
prea ‘System is assumed to be the same as on the urban freeways in the 

q I Interstate System, or 0.6 cents per vehicle-mile. The total benefit for trucks 

on the rural freeways in the Interstate System, therefore, totals 2.5 cents per 

= speed characteristics of bus traffic more closely approximate those for 
passenger car traffic on the rural portion of the Interstate System; however, — 
the vehicle-operating-cost characteristics for buses are somewhat similar ~ 

7 the truck operating costs. * ‘The costs for bus traffic, w which comprises less than — 

- 1% of the total traffic on the Interstate System, are assumed to be the same 
as for truck traffic. With trucks and buses comprising 12% of the total : 
traffic on | the rural portion of the Interstate System, the weighted average 7 
benefit per vehicle-mile for all traffic on this system will total 0.83 cents per ; 
~ yehicle-mile, which is only approximately one-fifth of the benefit of 4.16 cents 
per vehicle-mile for the traffic on the urban portion of of the ‘Interstate e System 


R. M. Zettel® has estimated annual i increases of 3.8% per yr in the California a 


motor-vehicle registration a and 4. 5% per in the California r motor-vehicle 


travel. _ An average rate 4. per yr is used in this study as a conservative 


7 pres future traffic, results in a 4% increase per year, yielding expansion 
= of 1.601 for the | 1965 traffic, 2.3699 for the 1975 traffic, and 3.5081 for oe 
the 1985 traffic. The estimated traffic volumes on the California Interstate a 


believed to be | conservative because careful studies have not been made to 
determine the extent to which new traffic will be generated or induced by an 4 a 
accelerated program of construction on the Interstate System. A 
_ BS An expansion factor of 3.5 for the 1985 traffic, together with the projected 
- traffic volumes on the urban freeways” in the Interstate System that exceed os 
8, 000,000,000 vehicle-miles, raises the question—can urban freeways be built _ 
* “Financing California’s Highways Part Highway Investment and Pricing,” by R. M. Zettel, 
Joint Committee on Highways of the California Sacramento, Calif., 1952. 


as a basis for 


System for 1955 through 1985 are given in Table 4. The traffic volumes 


the Interstate System. The d curvature and the elim- 
| 
— 
— 
— 
| 
— 
4 
— — 
= 
| 
a 


a when it is a well-known fact that the present freeway ays in that. city” are ——# 
r% crowded during the peak hours? The answer is that as of 1955 only approxi- i 
mately one-eighth of the hecnar mileage planned for the Los Angeles aren 
9 had been built. If the remaining mileage of planned urban freeways in this 
area, could be built as a part of an accelerated program, much of the congestion — 
on the present freeways ¥ would be eliminated. The projected traffic volumes 


Estimated ANNUAL TRaFFic VOLUMES IN 1,000,000 VenIcLE-MILEs 


the mass transportation problems in large metropolitan areas will be so great ad 


that a solution may be forthcoming. — It will not be possible to expand inde- 
“finitely the space e occupied by urban freeways. More efficient use may | have : 
to be made of the freeways as presently planned by moving more people instead = 
“3 more cars. An analysis of user benefits beyond 1985 has not been 
4 but it is evident from the "preceding information that, in the near future, | 

-——Tong-range stuc studies should be e begun to investigate the e transportation r require- 


™ 


TABLE 5—Compurep User Benerits oF THE CaLiForNIA INTERSTATE 


System ‘Basep ON A 10-Yr Construction ProGram (1956-1965) 


Total 30-yr_ 
benefits, from benefits, from 
1976 to 1985 1956 to 1985 


First 10-yr Second 10-yr Third 10-yr 


ystem from benefits, from 
‘ 6 to 1965 1966 to 1975 


$2,176,900, 000 
_ 784 


2'945,000 000 
Total $1,083,500,000 $2°747.200,000 | $7,896,700,000 


"Rural $ 298,700,000 $ 757,200,000 
"800000 °1,990'000 000 


_ ments a and the type of facilities that should b ‘he developed after all the ‘Space 4 
that may reasonably be allotted to freeways is occupied. 


Summary or UsER OF THE INTERSTATE SYSTEM 
In computing the user of the Interstate System, which are given in 


7 ‘Table 5, it was assumed that the program of improvement would be completed © 
in a 10-yr period and would proceed at a uniform rate. It was also assumed 
that the user benefits would be ma intained at approximately the same rate — 


over the 30-yr period, during which time the traffic would be expected to 


_ for the entire cost of the freewa n viewed 


— 
= 
volumes, indicate that the pressures for developing a th Ye 
¥ Trarric VOLUMES ON THE CALIFORNIA 
— TABLE 4.—Estimatep ANNUAL TRAFE 

— 

— 
= | 
— 4 
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4 
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highway-operating-co t trends of of the pa st 10 0 yr, the preced- oe. rr 
_ It was assumed that if the construction of the Interstate System were to ne 
“y be completed i in a 10-yr period, the maximum benefit would accrue over the — : 
f entire system only during the eleventh year - and the period following that year. 
‘The benefit during the first 10-yr period was computed on a proportionate 
basis in terms ¢ of the percentage of total mileage that would be completed — 
during e each ye year, and by using the benefited traffic volume estimated for that 
os year. Thus, by the end of the fifth year, one-half of the system would be 
g “assumed to be completed, but t the benefits for the fifth year would total the 
ar average percentage of the system improved for the fifth year, or or 45% of the _ 
7 _ Traffic to which the benefits are related in the first 10-yr period has been 
eas ea herein as the average of the traffic i in the first and last. years of ss 
that period. The 10-yr benefits that were obtained are slightly greater than ee 


‘TABLE. 6.—Computep Costs For THE CALIFORNIA INTERSTATE 


Pres Usine 30-Yr SertaL Bonps ‘WITH INTEREST AT 
3% (Construction Pertop, 1956-1965) 


‘Part of Total interest for 30 yr Total principal Total interest 1 


Rural | $ 275,430,000 | $ 592,318,000 867,748,000 


$1,079,530,000 2,321,553,000° 


— —namely, that projects will most , likely be scheduled in the order of their 
importance as as measured | by the return of the benefits to the traffic. Thus, st 
the projects with large traffic volumes, which, after their completion, will return 


gram. 1 This 5 would result in greater benefits during ‘the first 10-yr period than 
if the projects were built on a random schedule with no Tegard for the early 


“ computed traffic volumes for each year based on the expansion factor a 
that year, assuming a4% annual increase in the traffic during the 30-yr period. 
*F or | he second 4 and third 10-yr yr periods, therefore, | the full user benefits were Re 
- assigned on the basis of a fully completed Interstate System built during a ; 
first 10-yr period. _ The traffic volumes on the rural and urban sections of the 
‘system and the user benefits | were computed for each year instead « of 4 ni 


uired for a Interstate System i in California constructed over a 10-yr_ 


é 
— 
q 
3 
> puted separately for each year. However, the slight difference is more than a ae see 
compensated for by an important consideration in the accelerated program 
— 
— 
— 
— 
— 
— 8 
— 
— 
- 
Sy 
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te of 3%. comparing user benefits given in Table 5 with the invest- 
" mn aah costs in Table 6, it is interesting to note that the user benefits during the a 
first 10-yr period are sufficient to pay all the interest charges for 30 yr for the _ a 
— entire investment of $2,321,553,000. The benefits during the first and 
second 10-yr periods from 1956 to 1975 are great e enough to pay for both the “a 
interest and principal and leave a balance of approximately $500,000,000. 
4 Finally, during a corresponding to the life of the bonds, the mio 
Of greatest concern to highway engineers is the urban section of eaystem, 
E. ¥ for which the average c cost per mile is estimated to be $7,044, 000 per mile as com- 8 4 
be pared with $355,200 per mile for the rural section. _ During a a 30-yr period the Run A 
gh benefits on the urban section exceed the cost by a sum greater than $3,000,000,- = a 
000, and the ratio of benefits to costs is 2.3 to i This great margin of benefits — 
oe over cost is even more significant when it is recognized that more than $1,000,- 
ee * 000,000 of the cost of the urban freeways in the Interstate System is for right 
ie aa: of way. It i is questionable if this part of the cost of the Interstate System 4 
a aed: should be amortized in 30 yr because it represents a value of property that is ; 
not likely to be depreciated time but may retain its investment 


> 


The preceding analysis of user of the Interstate System in California 

pee. rs ‘provides substantial evidence of the soundness of the President’s proposal for 


aa an accelerated program for the construction of the Interstate System and the - 
use of federal funds to insure its early completion. urthermore, it 


competing for public and, for this reason, the analysis 


ie as much additional information as can be obtained . The adoption of such 


— of a all the of States. j 
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to odd Paper No. ‘time gaingiagh at 
4 PLASTICS: ENGINEERING MATERIALS” 


force, time, and humidity is The 

- magnitude of the | subject requires a generalized treatment, such as that which _ 

would be used in a description of the engineering characteristics of metals. 

= he subject of f plastics as engineering materials wi will be developed through « a 

series s of comparisons of plastics with the older materials used in civil engineer- i 

_ ing; a series of comparisons of plastics by generic groups; & selected set of — 
quantitative comparisons with other materials ; and, finally, an of 
keq certain p pertinent design considerations. 
$ 


To establish the materials and properties of interest to the oi sebihoer, . 


“reference w was made to the Encyclopedia Britannica (1), 2 which, quoting from 


the 1828 Charter of the Institution of Civil Engineers (London), defines civil i. 


(The) a art of ‘directing the great sources of power in nature: for the ue 
and convenience of man, as the means of production and traffic in states, a 
Ps es for external and internal trade as applied in the construction of roads, 
Thea bridges, aqueducts, canals, river navigation, and docks for internal inter- 

course and exchange, and in the construction of "ports, harbours, moles, 

o breakwaters, and lighthouses and in the art of navigation by artificial power | 
rahe the purposes of commerce and in the meeetenegiess and adaptation of 
machinery and in and in the drainage of of cities and towns.” ni 


2 In the early stain century -y the civil engineer was the only profession- — 
ally recognized d civilian engineer. ™ He operated i in many fields, some of of = 


Pee —Published, essentially as printed here, in October, 1956, in the Journal of the Enginerting ‘ 
Mechanics Division, as Proceedings Paper 1072. “Positions and titles given are those in effect when the | 
paper was approved for publication in Transactions, 
; oud Mar., Plastic Product Development, Research and Eng. Div., Monsanto Chemical Co., St. Louis, Mo. 
? Numerals in parentheses—thus, vs Eero) to corresponding references in the Bibliography (see Ap- 
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are considered outside the province of the profession. o . he modern civil en a ; 
_ gineer designs and builds heavy, durable structures, , including roads, bridges, — 


demas, canals, and drainage systems for ¢ cities and towns. He is is - concerned 4 


PLASTICS AND THE EsTABLISHED MATERIALS OF ENGINEERING 


. — In ‘designing a and | building roadways, bridges, or other structures, the civil | 
_ engineer | uses many different types of materials. Four that are generally — 
used in such structures will be compared with plastics in order to bracket 

- qualitatively the engineering characteristics of plastics. The data presented 
— are on the essentially unoriented form of the material except for wood, which 
_ is a directional product of nature. ARN SRP 
Yet The short-time or static fracture strengths of steel (2), wood (3), concrete 
(2), and glass (4) are compared with those of plastics (5) in in Fig. 1 ai Data ; 
(a) TENSILE (b) MODULUS AVERAGE MAXIMUM THERMAL 


Red hot steel 


ja 
Ib per sq in. 


a 

Concrete 


us of elasticity, in 10 


Concrete (compression) 


=; 


4 

4 


£ 
= 
c 
2 
2 
c 
© 


q 
25 
i 


¥F 


Wood 
— 
Modul 


— 
« 

| 


are from tensile tests except those for concrete, which are — compression 

tests. The strength Tange of plastic materials i is greater than t that of any one 

of the other ‘materials. - Depending o: on the ty pe of plastic composition and the 
- reinforcement used, it is currently possible to cover greater than a two-hundred- | 


4 fold strength range. Most Plastics have less strength than steel and the 


Sts 


The elastic modulus of plastics, as shown i in Fig. 1(b), is less than the cor-— 2B 
‘ a responding value for steel and glass. - Plastics can be as flexible as low-1 -modulus 7 

: rubber or as stiff as concrete or wood. The plastics exhibiting the highest a 
modulus of elasticity values—approximately one-fifth the value of steel—are — 
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a nb 
d wood shows that even the most brittle plastics are 
| 


lighter than water, to 1.5, or r heavier than water. a: win 
oY _ The useful temperature range of the majority of plastic materials is below 

the wood char point of approximately 380° F (Fig. 1(c)). Many méteriale 
Bee the thermoplastic or heat-softening group, even in nonload bearing uses, 
= must be designed to > function : at a temperature that i is less than the boiling point <* 


RG. “the: sight circumstances at temperatures above the boiling point of water,and 
bs even up to 0 the wood char point previously mentioned. One or two types of sa 
plastics can be used with a small load at 500° F. ue. 
z Flammability is of significant: importance in in the engineering use of plastics. 
In general, plastics burn in a manner similar to wood. This characteristic — 
4 
- can be controlled to a substantial degree by composition modification. In 
considering whether the burning characteristics of a plastics material present 
; a problem (7); the engineer should carefully weigh other factors, such as light 
weight, shatter hazard, and softening temperature. 
The « ‘experience with the’ use of plastics « outdoors is rather limite 


mately twenty years of experience (8). Plastic materials must be protected 
from the weather either by the incorporation of pigments in the material 
eal | 
itself, or by some type of surface treatment (9). arian IC | an 
Lo _ The change in dimensions of a structure and its components relative to en 
_ change i in temperature is an important design factor to bec considered by the 
engineer. “Fig. 1@) shows that plastics exhibit a \ a wide range of thermal ex- 


pansion behavior, much wider than for the other materials that were charted 

‘The preceding of plastics has shown that properties such as 

: strength, stiffness, weight, and ductility can be varied. It has also been 
indicated that the strongest plastic is is comparable to a a structural steel, and that me oul 
the w weakest has a strength less than that of wood. It has been shown that. a 
further study is needed concerning the weather resistance of plastics and that = 

] the maximum use temperature of plastics is is less than that of the materials ; 
cited in the comparison. The information presented thus far should be con- 


sidered only as an introduction to the general § subject. It is recognized as 


being of limited value to the designer. oil 


908 el GENERIC Group OF Puastics 


emer examined | plastics as a class of materials, it is necessary to explore _ 
the the various groups, and determine to what extent the great range of properties — 
. can be explained by variation in the base plastic. The terms used to identify — 


each group may appear rather formidable, <1 representing a considerable Z 


a ductile than the other materials. The elongation of plastics at break ina x 
tensile test may be from less than 1% to greater than 800%. | 
Plastics are lighter than most conventional materials (2). Depending on 
physical form, type of plastic material, and the reinforcing system used, plastics 
can weigh from as little as 2 lb per cu ft to greater than 130 lb per cu ft. jg-§ # (7 
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s necessary again to indicate that plastics are of two major ignet-thesieadiiinn 


_ or thermoplastic. Generally, the thermoset 1 materials are more heat resistant — 
ie and stronger than the thermoplastics. The former are ‘most: widely used i ine 
producing what is known to the trade as reinforced plastics. The data charted 
wa are from single point determinations. ~The ranges are due to © composition or 
@ formulation variation n and do not reflect the ‘temperature, time, or other» 
variables on a given plastic. These will be examined subsequently. Leow 
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al The short-time or statistic tensile strength (5) of the major types of oral 


in n the thermosetting the are. thermoplastic. 
“a -Thermosetting resins combined with glass fibers give a high-strength, rein- 
_ forced plastic, breaking at a stress of 55,000 lb persq in. Thermoplastic resins 
— such as vinyl are weakened by y adding softening agents known as plasticizers. — 
‘The stiffness characteristics (5) of plastics : are indicated i in Fig. 2(b). As was — 
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The thermosets are less ductile (6) than the thermoplastic materials as j 
“measured by elongation at fracture. Ethylene and plasticized vinyl plastics au 
show great extension at fracture, ranging from 300% to a maximum on the 
order of 700% as compared with a value ae of ones for a typical phenolic molding 
‘The ductility of styrene materials as by at will 
~ range from approximately 1% for unmodified styrene to as great as from 35% 
_to 40% in the case of styrene plastic blended with rubber compounds. — There 
ae indications that ductility should be estimated from data other ines. the 
elongation at break in a static test. Because of the time-dependent nature 
of the plastic materials, rigid vinyl if tested at a slow rate of speed | will show 
a high elongation a at fracture, whereas if tested rapidly the material will break e: 
an elongation of lessthan1%. 
“i _ Ethy lene is the least dense (5) and the lightest plastic commercially avail- Be - 
able, whereas vinyl is the heaviest. The observations are based on the un- 
modified plastic. It is possible through foaming to make lightweight material ; 
from most plastics, ranging from a low of 2 Ib per cu ft to the density of the 


_ The maximum use temperature data (5) shown i in Fig. 2(c) clearly 


As with other properties, time and load dependence must be e recognized in ina a _ 
particular design situation; 
, _ The most heat resistant of the unmodified plastics are found in the halo- 
_ carbon family. Members of this group, some of which are thermoplastic, may Z 
te used under 0 load u up to 500° F. Nylon | “under 0 load is the most heat 
resistant of the commercial thermoplastics. = 
‘The linear thermal-expansion characteristics of plastics are given in Fig. “a 
2(d). . Asa a type the thermoplastics change more readily with temperature _ 
: than do the thermosets. In practice this has meant that metallic inserts are 
more handled in phenolic and amino moldings than in thermoplastic 


Having examined the of to the established 


of civil engineering, and having mightgpted the characteristic properties of P.., 
the several members of the plastics group, a consideration of some e specific : 
ie? The stress-strain curve, usually a an engineer ’s introduction to load- deforma- 
tion behavior, provides a useful picture of the behavior of materials. Fig. = 
‘compares the stress-strain behavior determined in standard American Society. 
7 of Testing Materials | (ASTM) tests of mild steel (12) and Douglas fir wood © 
— (low moisture) (6) with three types of plastics. 7 Because of the wide range of — 
or stress and strain behavior represented, the information was plotted 
ona na logarithmic scale. _ The curves show the superiority in strength and 


stiffness of steel as compared with selected plastics. — _ The curve also indicates A 
the similarity in modulus and strength between a , common wood used in con- 
bs struction and a laminated plastic material. The strength and stiffness of — 
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Creep data for certain plastics (13, 14, 15) and a typical mild steel are ay 

_ compared i in the semilogarithmic plot of Fig. 4. Common stress and tempera- Pca i 

ture conditions provide a basis for grading the load-carrying capacity of the __ 
Z materials that are being compared. It is apparent that in designing a part for 7 : 


a structure using any one of these materials, more specific data on creep be- om 3 


havior would be needed. As was the case in previous comparisons of load- 
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AVERAGE CHEMIcaL 


: plastic materials must “ designed to carry stresses of a om order as compared 


Plastics materials have s applications i in . buildings and fluid handling systems 
+ in which corrosion resistance is a problem. " Fig. 5 (5, 16) shows that plastics ) 
are generally s superior to steel and wood for situations in which corrosive liquids } 


7 and corrosive a exist. _ The ateel cited in Fig. 5 is of the ee 
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than the material shown in the chart. A comparison of this nature should oi a 
always be subject to critical review because of the specific nature of the reaction 


of chemicals with materials. - However, the generalities 
- helptal i in leading the engineer to further investigation of a particular plastic 
type when confronted with a corrosion problem. Certain plastics have ap-— 


plications in pipelines that are used for corrosive liquids and have performed — 


a ' a better than a any other material with respect to maintenance. — Also, the smooth | 


surface of the plastic results in a lower pressure drop in moving the liquid — 
“4 __ through tl the pipe. Glass is an excellent material for resisting chemical attack, | ;. 
and of the four plastics shown n, only the halocarbons are more resistant.  How- 
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Ria. Es Errect 
ever, glass, which is brittle material, _Tequires support 
and protection in the form of a metallic backing. _ Glass tends to complicate 2 


"jointing and valving problems, whereas plastics are light, minimize jointing 


and valving problems, and offer no shatter hazard. Although a given plastic 
type is more resistant: to a narrower range of chemicals than glass, this factor a 


a is counterbalanced by the range covered by all ty] pes of plastics. aie i. 6 
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— (3, 17) compares the short-time tensile strength of several plastics with that e } in th 

— 


1 

4 


of steel and — fr wood moisture) as as a funation of of tem- 

_ perature. ie Plastic materials ¢ show a temperature > dependence similar t¢ to that 
of wood, and, when compared with Douglas fir, most of the thermoplastic ” 
‘materials—styrene being an example—show a more rapid loss of strength as 
temperature is is increased. Steel is in a completely different category. 
It begins to show a substantial decrease in n strength at a level approximately 

400° greater than that of the most heat-resistant plastic material. A large — 
4 . part of the research dollar of the plastics industry is spent in an 1 effort t to improve p 


strength | characteristics at elevated temperatures. to 


yadT ait lo To of 
Phenolic fabric laminate reinforced plastic at 
| 
General purpose styrene plastic arivad al dy 
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Fic. 7.—Time Errecr on Fracture Srrencra or PLastics, 
The time of has been mentioned a and is shown 
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tated to the grain: (20), and three types of plastics (21). The log-log 
_ plot tends to minimize the greater effect of this variable on plastic materials. 7 
: owever, a careful examination of the data will show that the metals are rela- i 
tively insensitive to speed i in the range that was used in the tests. _ Wood shows 
a time or speed dependency similar to that of plastics, 8s” ae 
The data shown i in the charts have come from many sources, as indicated | 
‘in the ‘Bibliography herein. a ~The most comprehensive on 
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~s a publication by the Society of the Plastics Industry (22), the publications of > : 


the ASTM, and the various technical and trade that are 


pressure into or through a form of some kind. ed ‘subsequently harden © 
=) either by cooling or by the advancment of a chemical reaction. The — 
- _ molding operation can take many forms, not all of which involve allowing the _ 
_= to become hard in the mold cavity. Certain plastics in the thermo- 
4 plastic category are formed by extrusion. In this process the rotation of a 
pe | -serew: forces the material through a warm chamber, where it softens and finally — 
i issues through a die having a fixed shape onto a cooling table. This technique 
is used to coat wire, make large sheets, and manufacture thin film. ak ‘Sheet . 


¥ are softened to the semifiuid state in a heated chamber and then hears by a | 
plunger into a cold mold. The rapid cooling of the material leads to a strained 
condition similar to that existing in rapidly cooled glass. This condition + 
a. superimposed on the anisotropy resulting from the flow of the material into [| 
the mold. If the strain is too great, the plastic part is subject to failure under _ 
4 thermal shock conditions 2 as well as under mechanical conditions. 4 ‘The effect — 
can be minimized by control of molding times, temperatures, and, in some 
instances, by postannealing the molded part. 
 - Compression and transfer molding used to form thermosetting materials — 
leads to some anisotropy | that is usually different than that rerrgunerae 


of reinforced plastics, anisotropy is developed and at thet same time 

by the lay-up of the reinforcing fibers or sheets. This effect is shown in a re 

Fig. 8 (23), which shows the effect of the direetion of weave of a } reinforcing Z. 
fabric on the elastic constants of a plastic sheet. The symbols used i in Fig. 8 ae 

he Plastics are lightweight materials, a fact that has led some individuals — | 


to conclude that are the optimum materials for use in lightweight 


= 
— specific engineering data is the Proceedings of the ASTM. == 

Having briefly surveyed the characteristics of the important plastics 
— groups, th ion of how to approach design with regard to plastic materials 
eS r 7 “3 groups, the question of how to approach design with regard to plastic materia a 
a - _ being used in engineering applications can now be considered. First, fabrica- a 
_—_ j- tion must be examined because it is important to understand how plastics 
— 
= > sare converted to useful objects, and the effect this has on their properties. 
As the term “plastics” indicates, high polymers, which are the base mater- 
— 
a 
— 
— 
— 
— 
a sof, physical properties. Thus, anisotropy becomes another factor that “2 yr | 
oe ; design engineer must be aware of in working with plastic materials. It is if 
present to a varying degree in many items fabricated from plastic regardless 
4 | 

— 
i= 


structures. This inference has been. drawn it in in which the strength-_ 
_ weight ratio—or the strength of a plastic divided by its weight—indicates _ 
that pound for pound the plastic material will give a stronger structure than 7 


“| F steel in some cases. The fallacy of such a generalized concept has been put in 7 


te proper perspective by several investigators. The findings of a group of = 
these are summarized in Table 1 (24). In this work, -considera- 
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Fic. 8.—Errect or Direction or Weave On Exastic ConsTants— 


or REINFORCED PLastics AND LAMINATES 


‘tion was | given to the problem of designing plastic structures for their possible . 


= advantage of being lightweight. _ The study showed that the simple ratio of a 
strength to weight is not always satisfactory predicting the ‘minimum 
_ weight of a structure. In turn, it emphasized the fact that structures perform — 
‘many different functions. Some t structures are designed primarily for strength; — 


some are for rigidity or stiffness, and other are designed to damp 
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heavier than a plastic may be used. | aves the choices of type of loading di E 
tC. geometrical configuration of the structural member, the use of plastics in a@ : 
flexure as sandwich panels is favored. The sandwich-panel design is based — *d° b 
on the same principles of mechanics as the familiar and widely used structural 
component, the I-beam. The sandwich panel is an I-beam with a light web 
and high-strength flanges. The web or core of a sandwich panel is made of a 


low-density foamed plastic, or of honeycombs of aluminum or impreg- 


vi Vs 


or Increastnc Wetcut or Stroctu 


specification minimum | SAE i Tough Cont 


Axial lend (1.12) om 81) (5.12) | (9.18) 
Depth | 83) | asy | 12) | @.18) 
| 
25) 17) | (406) 
“rectangular beam =| 7 6 4 a 
Width specified....) @ 41) (1.40) 
(1.77) 
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= 


- 


Feetangular beam... . (1.30) -57) | (8.93) 53) 


The symbols used are listed in Appendix II. Numbers in give re relative. of struc- 


z ture for material concerned in terms of weight of lightest structure. > argo yt = 


nated paper bonded with phenolic or other plastic adhesives. ‘The fangs. or 
« face is made of reinforced plastic, metal, or other material, and is bonded to ag 
the core with plastic adhesives. procedure illustrates the important 


and construction applications was pioneered by the construction of the Model et 


r reasons for using in a the side curtains of the Model T were 
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economic not subject to critical e engineering 
with the development of the acrylic aircraft canopy prior to and during World — 
War] II, plastics entered the light-transmitting field for the following reasons: 
‘The plastic was lighter { than materials that were conventionally used, it could 
-.. formed readily into complex shapes, and was free of the shatter hazard — 
of conventional ‘glazing materials. The use of plastic allowed the aircraft 
~ designers: considerable freedom and made possible a clean aerodynamic . shape. 
The safety glass that is found on all cars is safe because of a plastic interlayer 
between the glass surfaces. ‘This contribution to safety began in the late — 
nineteen twenties with the use of a cellulosic sheet that yellowed quickly and © 
did not bond the glass faces satisfactorily. Continued research has led to , 
7 4 improved vinyl-type plastic interlayers. - Panels of safety glass made of this 
: Pax type, which were exposed outdoors for periods of more than ten years, show 
almost no color change and excellent adhesion to the glass faces. The use of z 
Plastics as automotive materials i is limited to the rear windows in con 


7 with hi sewn into the canvas back. At the same time, this use has improved | 
safety factor by introducing a a lightweight flexible material that 

~ Other possible uses of plastics that the engineer siaile deal with are in fluid- 


flow machinery, _ building components, ‘machine components, and 


ial transmission “equipment. It is hoped that the properties data and 


helpfl in problems involving material selection i in ‘one or more fields. fields. 


The foregoing ‘data indicate that have many 
properties that warrant their consideration for engineering applications. 
* ae these are ease of fabrication, light: weight, adaptability to combination 7 
ith other materials in achieving new structural effects, ‘and a capacity 


me: a many ‘properties over a wide range t to suit the needs of a specific As 
ati bos foxtnod ati to gnitesT he 


a) Encyclopedia Britannica, Vol. V, 1952, p. 734. _boage to “pena” 


(2) “Textbook of the Materials of Engineering,” by. H. F. Moore and M. B. 

Moore, McGraw-Hill Book Co., Inc., New York, N. Y. , 8th. Ed., 1953. 
_ (3) “Wood Handbook,” Agriculture H andbook No. 78, Forest Products as, 

8. Dept. of Agriculture, Madison, Wis., bow 

“Encyclopedia of Chemical Technology,” edited by Raymond E. 
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PLASTI 
“Technical Data on Plastics,” Manufacturing Chemists Assn., Washing. 
“Stress-Strain Relations in Timber Beams ‘(Douglas ‘ir),” by A. G. 
Dietz, Bulletin No. 118, A.S.T.M., October, 1942,p.19. 
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Plastics in Building, Publication 337, Building Research Inst., National 
Academy of Sciences, National Council, Washington, DC, 
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19 “Pred Plastics, May, 1947, p. 151. 
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PLASTICS 


(aay “Consideration in the of Plastic Light all 


ae i aah by C. H. Adams, W. N. Findley, , and F. D. Stockton, Modern Plastics, 
August, 1955, p. 139. bats and by 


stress coefficient of damping capacity 
= Young’ s modulus of elasticity ; 
Young’s modulus of elasticity, direction 
= Young’s modulus of elasticity, longitudinal direction; 
i2 = shear modulus of elasticity, directions land2; 
shear modulus of elasticity associated with longitedinal and 
ee distortion factor, accounts for tensile and inte strains, direction a; 
4 -_ = distortion factor, accounts for tensile and shear strains, direction mo 
= empirical dimensionless number; 


: angle to longitudinal direction; stent ‘enw whe ite riod fal 
= Poisson’s ratio associated with directions land2; 
gy = tensile yield strength BE. owt to 
“iver Seige the Lote! ie to the : & 
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= meztal runs were performed i in a 40-ft tilting flume se conditions with 7 
sand of two different sizes (0.10 mm and 0.16 mm). Each run represented 
a uniform open-channel fi flow in equilibrium with the sand bed. => ; 
er Because of the extreme variability of channel roughness, the transportation = 
soe rate could not be expressed as a unique function of the bed shear stress, the __ 
channel geometry, and the properties « of the sand . This is contrary to all ; 


transportation rate of suspended load. 


made the bed friction factor more than six times larger than the fr friction factor — 
_ for the smooth sand beds obtained at higher flow rates. _ “ AB, IM 1 
By using the mean velocity and the depth (or the water Eston and sedi- 

ment discharge) as independent variables and the slope as a dependent vari- 

able, an orderly qualitative relationship between the pertinent variables was 


:} Pai —The letter symbols adopted for use in ‘this paper are defined 
_ where they first appear, in the illustrations or in the text, and are i 


for convenience of reference, in the Appendix. 
- 3 General.—The transportation of sediment in suspension in a stream is caused 


Nore. —Published, here, in April, 1955, as Proceedings-Separate No. 668. Po 
# tions and titles given are those in e! ect when the paper or discussion was approved for seston in 


Asst. Prof. of Eng., ast. of Pasadena, om. 
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ef the concentration over the depth mz may be ye derived by assuming similarity be- 
tween the suspended-sediment transfer and the momentum transferand by then _ i a 
ane: the logarithmic velocity law given by Theodor von Kérmén,” Hon. M. = 


the turbulent diffusion of material | upward | from the | bed. The distribution — 


is called the suspended- may ritten as 


in which c is the Point concentration of suspended sediment at | a distance, y, 


ab ve the aot Co is the concentration at some reference level, y = a; d denotes” 


in which w is ‘the of ‘the particles, 8 denotes the ratio of he 
_ diffusion coefficient for sediment to the kinematic eddy viscosity, k represents 
7 the von Kérmén universal constant, , and U, is the shear o or friction velocity. 
‘The derivation of Eq. 1 was first. published by Hunter Rouse, ‘M. ASCE, 
- the simplification 8 = 1 and was verified by the experimental - work of Vito 
bbe This ‘suspended- load equation is | satisfactory, except near the boundaries 

_ where the assumptions under which the equation was derived break dow 


infinity, a physically impossible situation. Consequently, it is ‘not 
ok a simple matter to supply a boundary condition, and Eq. 1 contains an un-— a 
4 predictable quantity, Cs, at an arbitrary reference level, y = ‘Thus, ‘Eq. 4 
o nly the relative distribution v within the stream, the absolute 

- concentrations depend on the diffusion mechanisms at the sand bed—that is, at — 
a the source of the suspended 1 material. ne Little i is known : about the interactions bs 
, between a turbulent stream and a movable sand bed. Obviously, if only the 
_ relative concentrations 8 are known, it is impossible to find the sediment dis- 
— * show how limited the development of. suspended- sediment transporta- 
tion theories has been, the problem might be roughly compared with the prob- 
i 8% lem of turbulent flow in pipes. It would be as if only the relative velocity dis- 

art “tribution w were known for a given pipe size and hydraulic gradient, without tany 

knowledge of how the total discharge is s related to the other variables. ratios 

7 ah The purpose of this paper is to report some experimentally determined = 
7 __ relationships bi between the sediment discharge and the hydraulic characteristics — 
- of an open-channel flow with a movable bed of fine sand. No attempt is made : 


to derive a general method for obtaining a boundary condition for the sus- : 


_ “Some Aspects of the Turbulence " by Theodor ery K4rmAn, Proceedings, 4th 
— Oe of Applied Mechanics, 1934, pp. 54-9 
4“Turbulent Transfer Mechanism and Sediment in Closed Channels,” by | ‘Hassan M. 
Transactions, ASCE, Vol. 117, 1952, pp. 409-446. 
‘ Conceptions of the Mechanies of Fluid Turbulence,” by Hunter ibid, Vol. 102, 
“Transportation of Shaptnded Sediment by Water,” by Vito A i. Vanoni, Vol. 1946, pp. 
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equati 
MM Tilting Flume.—The experiments were performed in the 40-ft, closed-circuit 
ment load so that it was not difficult to maintain a stable equilibrium condition — - 
for hours at a time. Because the velocity i in the return pipe was always high 


enough to prevent any significant deposition of sand, the layer of sand covering — 
the bottom of the flume contained practically all the sand in the system. The 


inside surfaces of the flume were painted and were found to be hydrodynamically_ y = 
smooth; no artificial roughness wasused. 


Be Because it was found that temperature had an appreciable effect on the : 


— rate, four 1 ,000-watt immersion heaters were installed to reg regu- i % 


: % date the temperature of the water for the second series of runs (runs 21 through | 
i iw mi 


4 in. 


[105 


. Circulating pump 10. Diffuser ap 
. 6 in. x4 in. venturi meter 11. Damping baler 
. Fixed pivot support 12. Instrument conrings odd 1014 15.3 


. Transparent tube Rails for carriage” 


. Slope gage 
7. Adjustable support D+), 15. Pumpwell 


Fic. 1.—Scuematic DraGrRaM oF THE FLUME 


30). After run 21, damping s screens s were v used at the inlet to reduce the large- 
scale turbulence generated i in the transition section and elbows. The distance 


7 7 shortened to generally less than 6 ft. A comparison of runs 21 and 21a (without — 


and with screens, respectively) showed that the final equilibrium 


Procedure for Measurements. —The slope of the flume was. ‘determined 
‘directly f from a gage mounted on the truss (near the jack used for tilting the a 
flume). we 9 point gage mounted on a carriage was used to measure water surface 


and bed elevations relative to the flume at a number of stations along the flume & 


averaging the point gage readings | on adjacent crests and trou ighs. In pa 
te determine the a average elevation of ‘the surface of the sand bed, the “ ef 


4 ‘required in the flume fo: r the establishment of uniform conditions was ‘thereby 


gage reading, 


dint 
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configuration for the entire fl flume with 
of from 2 ft to 4 ft with a specially built scraper, after. stopping the flow ~_ 
- water at the end of each run. The mean depth, d, was found by averaging the 
‘difference between the water surface and bed elevations over the section of 
the flume in which the flow was in equilibrium. This procedure i is illustrated ’ : 
in Fig. 2 for run 27. For run 5 and runs 8 through 13, the probable error in - 
os - measured mean depth was approximately ( 0.005 ft, “whereas i in all the | other 
it was of the order of 0.001 Yo oter letot 
to The slope of the energy line relative to the dame was computed from the __ 
bed and water surface measurements and was added to the slope of the flume +s 
A to obtain the true energy y gradient. _ The flume was adjusted to keep the rela- 
- tive ‘slope 0.0001 or less. © Fig. 2 also shows the computed energy line ws um 27. a 
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Computed wiht 
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20 


in feet 


or altatis va Tite Distance from upstream end of flume, in feet 


Fig. 2.—Typicat ror A Run witH DUNES ON THE BED AND ‘Swain: 
RIPPLES ON THE WATER Sumrace (Run 27—F Store = 0.00241) 


_ The discharge was determined from the pressure drop across a standard, 
_ bell-shaped, 6-in. by 4-in. pipe reducer immediately downstream from the pump _ 
(Fig. 1). Because the location w was 8 not a a desirable one, the meter was calibrated _ 
in the open channel, both with and 
without sediment, and the venturi coefficient was found to be 0. ow: “The — 


- tank over the pump with a Paphel he sampler was a vertical copper 
tube of 0.302-in. inside diameter, with a 180° turn on the bottom end. The 
y entire load was in suspension and well mixed at the sampling position; never- — 
ih ‘theless, the sampler tip was moved around gently during sampling to assure 
the collection of representative samples. The head on the siphon was adjusted 
5 - to make the velocity in the sampler tip equal to the mean velocity of flow. 


The fall velocity of the : sand was much smaller than flow 
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4 
end tank. In ‘addition, were taken to errors rors due to 

sand storage in the sampling tube. For each run a number of 1-liter samples — 
were taken, usually in groups of three, and the concentration for each sample 
was determined by filtering the sample and drying and weighing the residue ol 


— 
A 


per liter of mixture. haat 
The sediment in this way, is 
the total rate of sediment transportation (including bed load) divided by 
?) eam discharge and is not necessarily the same as the average concentration of — 
sediment i in suspension inthe openchannel. = = dete, 
7 _ For each liter withdrawn from the flume, a liter of clear water was added ; 
4 at the same time to keep the depth of flow constant. _ As the flow circuit was 
closed, the depth in the e open channel was governed by the qi quantity y of water 
_ ‘For r some of the runs, velocity and concentration profiles were ‘Measured - 
on the center line of the flume. : However, for many of the runs the bed was 
covered with large irregular dunes which moved downstream and deformed 
continuously making it impossible to. measure representative 
velocity and concentration profiles. Thus, good ‘profiles ‘could be obtained 
only for the runs in which the bed of sand was smooth. _ The measurements — 
_ and results are not reported herein owing to lack of space but are “given in in 
detail in a thesis prepared by the writer.* | 
Some studies of the mechanism of dune formation and maiemales were 
_ made with the aid of both still and motion pictures. I Dune heights, wave ql 
lengths, and velocity of propagation were also measured. findings will be 
briefly under a subsequent heading, “Experimental Results,” but 
ae. full description, including numerous photographs, may, — be found i in the 
Sand Characteristics. —Fortunately, the uniform sands used by Vanoni* 
and Ismail* for suspended- load investigations were still available and were ey] ; 
ia used i i in the these experiments, , making it unnecessary to prepare new sand. Two! 
- different uniform quartz sands were used: sand No. 1, with a mean sedimenta- 
- tion diameter of 0.16 mm for runs 2 to 13; and sand No. 2, with a mean sedi- | 
mentation diameter of 0.10 mm for runs 21 to 30. . The sieve analyses of the 
two sands are shown in Fi ig. 3, with the geometric mean sieve size, D,, and the rhe 
P's oo geometric standard deviation, o,, indicated for each. At 25° C the mean fall © “| E 
velocities are 0.060 ft per sec and 0.030 ft per sec, respectively. Approximately 
«145 lb of sand (dry weight) were used in the flume for each of the two 10 series, » 
which was equivalent toa uniform laye layer slightly more then a }in. thick on the 
Establishing Uniform Flow in Equilibrium; Reproducibility.—Before making + 
the final measurements for a run it was first necessary to establish uniform flow a 
toads equilibrium with the sand bed. With a movable bed this was not easy ia 
_ because of the changing configurations of the bed (smooth or rippled) and the ta 
often observed tendency for the sand to spread itself unevenly throughout the 


ie * “Laboratory Studies of the Mechanics of Streams Flowing over a Movable Bed of Fine Sand,” by ay 
Norman H. Brooks, thesis presented to the California Institute of Technology, at Pasadens Pasadena, in 19 1954, in 
partial fulliment of requirements of of Philosophy. 
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mean depth of ove was constant over a working section of the flume and i 
that the pattern and distribution of sand on the bed had stopped changing. op? 
Originally, it was believed that the rate of transport and the flow velocity _ 
would be uniquely determined by the size of sediment, the size | 
‘Fin uidiveng sia bos ergy: 
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0061 0.074 0.088 0.104 


_ Fic. 3.—Sisve ANALYsEs (‘THE SANDS 
; the shear stress on the bed, which in turn depends simply on the depth, width, 


and slope of the stream. | - Although this belief is held by many investigators of P 


sediment transportation — phenomena, it was found, nevertheless, that the — 


relationship i is not unique. ve ae 5 


‘This false assumption led to immediate difficulty in programming the runs 


. to be made in the flume. The three main factors that could be regulated were 
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‘the depth, d, the Q, di The width was fixed the 

; i. ‘sediment load could not be controlled directly. At first, an attempt was made 

to select the depth and slope for each run and then to adjust the discharge to 

™ obtain 1 equilibrium; but in the course of the experiments it was found that for a 

: ? some depth-slope combinations there are two, or maybe even more, different | 

equilibrium discharges and sediment loads. These are possible because of the _ 

large variations in the roughness of the channel due to the appearance of __ 

different configurations of the sand bed. bed by 

Another source of difficulty with choosing d and S first was the sensitivity 
of the flow to » changes in Q. 2! Small changes in Q, made to adjust to a given 
aa often produced significant changes in the other variables, such as sedi- 
_ ment discharge and bed configuration. Sometimes it was not even possible — 
to. determine immediately whether or not an adjustment of discharge was 


> toward or away from equilibrium. n. Consequently, 1 many hours could have 


al been trying to obtain an equilibrium by adjusting th the to match 

_ However, by fixing the rate of flow and the depth, it was possible to make 

"the final adjustment in the slope quite simply. If the first approximation for 
the e slope was in error, the adjustment required could be estimated by measuring — 


the slope of the e energy line | e relative to the flume. | The a adjustment of the slope 


- slope: of the energy line was 1 really already fixed by the e flow; in n effect the inclina-_ 
tion of the flume itself would simply be adjusted to this slope, with the o only 7 
net change to the flow being a very minor redistribution of depths « over the 


ae time required to reach equilibrium depended on the sediment load and 
_ the amount of adjustment in the bed configuration required. With high loads, 
Jess than one-half hour was required, but with light loads, up to four hours were 
sometimes needed. The final configuration of the bed was found to be inde- “Ti 
pendent of the initial bed configuration, whether flat or in dunes, evenly or — 
_ unevenly distributed in the flume. The initial condition affected only - a 
The reproducibility of the runs was excellent. This was well ea a 
te run 28, in which two water surfaces and two bed profiles were taken on two e 
ies different days. Scraping the bed for the first bed-elevation profile erased the 
7 dunes and ripples so that the dunes had to be regenerated and equilibrium — 
re-established before any other measurements, including the second set of 
- profiles, could be made. _ The two sets of profiles were practically identical, 
- a indicating that the equilibrium achieved was stable, well defined, and repro- 
ducible. The computed mean depths, velocities, and slopes for these cases — 
practically i identical, as as shown 1 by the tabulation: : 
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_ Other runs gave similar evidence of being very stable. 


‘SAND BEDS: 


‘Each run represented a stable uniform flow i in equilibrium with its | movable 
‘sand bed. Runs were established and the measurements i were made ac- 


aaa than the rate of bed-load transport, except possibly i in runs 10 and 26 
i where the total transportation : rate was very small. This does not mean that 
3 an insignificant amount of material was in motion on the bed; on the co contrary, , 
é _ several layers of sand grains were almost always sliding along the bed, but at a 
“ relatively low rate compared with th the e velocity of the | water. If, for example, - 
: the same amount of material was in. suspension, it would have yielded a much 
: i larger transportation rate (expressed as weight per unit time passing any “i 
a , a section) b because the sand 1 then traveled at the full speed of the water. = How- 
ever, the distinction between bed load and suspended load is quite nebulous, 
re: and no attempt was made here to make an artificial separation. All the values 
transportation rate and discharge concentration reported in this section 
refer to the entire sediment discharge, bed loadincluded. 
_ For purposes of comparison, a vagal runs (C-1, C-2, C-3, C-4, C-6, and C-7) a 
7 ee Summary of Data. —The most important measured and computed quantities a 
~ for each flow are tabulated in Table 1. In Table 1, r is the hydraulic radius — 
>: equal to b d/(b + 24), in which 6 is the width equal to 0. 875 ft for all | runs; 
‘ x U, is the .e shear velocity for the whole channel equal t to v grs Ui is the. average 
ss velocity of flow for the: entire channel | equal to Q/b d;f is the Darcy-Weisbach — 
friction factor for the whole channel equal to 8 (U,/ U)?; ry is the hydraulic 
radius for the bed section, computed from the side-wall correction procedure; 
_ Ug» is the shear velocity for the bed section equal to Vgr.8S, in which g is 
the acceleration due to gravity; fy is the friction factor for the bed alone, equal 
to 8 (U,./U)?; and F is the Froude number equal to qd. side-wall 
corrections were made by the basic procedure of Joe W. Johnson,’ M. ASCE, 
u with a few minor modifications to make the computations direct instead of by 
‘trial and error. method employs f and the Kérmén-Prandtl resistance 
equation for hydrodynamically smooth pipes. The derivations and equa- 
e: tions used, as well as a sample computation, are reported in detail in the oe 


In the subheadings, D, is the mean sedimentation diameter of the bed a 
2 material. For the sediment load, the mean sedimentation diameter is usually — 7 
c: Where entries are missing in Table 1, either the item does not apply or the 
“data were not obtained. Whenever there i is a reasonable basis for making good 
. estimates, when the data are missing, estimated values have been entered and 
de designated by afootnote. = 


For all the entries i in Table 1 only the significant reported. 


securacy of the values is thus indicated directly ; for example, the discharge is a 


™*The Importance of Side-Wall Friction in Bed-Load Investigations,” Ww. + Cot 
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are | given ven only to the nearest 5 units in the third The second s 
runs 21 to 30, is more reliable because of improvements in experimental tech-— 
nique gained by experience with the earlier runs. However, there is no sig- 
- nificant difference in the conclusions /which may be drawn from each of the | 
Because of the limitations of the flow system, it was not possible to cover a 
| : wider range of conditions. — Discharges less than 0.20 cu ft per sec were e not 
a used because sand storage in the return pipe could have caused large ¢ errors in 
the discharge measurement and a shortage of sand in the flume section. — Depths 


J 
a "greater than 0.30 ft were not used because the effect of the walls becomes too 7 


large, and difficulty was encountered with the inlet condition. In addition, — 
-- velocities giving Froude numbers in excess of 0.80 caused such high standing 


7 


surface waves that the flow was completely unmanageable. _ Nonetheless, in : 


4 


‘Spite of these three restrictions, enough conditions were covered to lead to 
- some valuable conclusions, which are believed to be qualitatively valid over a 
_ No attempt was made to derive an empirical formula for the , transportation 
_ rate on the basis of these flume data. _ However, some qualitative relationships 
will be examined subsequently under the heading, “Analy: sis of Experimental 
a - Observations of Water Surface and Bed Configuration. —When the mean 
ae velocity and the transportation rate were low, the dunes which formed | were 
_ fairly large and haphazardly placed; the friction factors were as large as 0.13. 
As the velocity of flow was increased, the dune wave length increased slightly, 
the pattern of the dunes became more regular, the dunes moved faster, ‘and 


the friction factor decreased slightly. _ The height of the fully developed dunes 


0.6 in. (average) and up to 1.5 in. (maximum). The dune velocity ranged 
P from 1/5,000 to 1/500 of the mean stream m velocity. | The average wave length i ‘ 


s A typical dune configuration i is shown in Fig. 4 for run 30, which had a 
: transportation rate intermediate between the highest and lowest of the runs s ; 

, As the ie velocity of flow was progressively increased, a & point w was reached a at 
4 which the sand tended to collect in a single long flat wave, which traveled 
- perpetually through the system without changing its size or shape. The wave 
was a long, thick deposit of sand with a smooth flat top over which the water 


flowed with reduced gre and increased velocity and sediment load. In the 


which the friction remained large. sand waves were present 
in runs 12 and 24, but, because the flow was in equilibrium both on the sand = 
wave and away from it, the data i in Table 1 pertain either to the dune section — 


reported to the nearest 0.005 cu ft per sec. Of allthe runs, 5,8,9,10,and11 | 
é 
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i of the bed was another puzzling phenomenon that was 

_ for several runs with the 0.1 16-mm_ sand, although not with the smaller sand. 
“ The sand distributed itself nonuniformly across the channel by forming a ridge 
_ which weaved back and forth in the channel. The bed surface was covered — 
with small sand ripples, and the bed friction factor was considerably less than 

_ With a further increase in velocity (and transportation rate), the sand again od 


: spread itself uniformly throughout the flume, with the surface « of the bed | being oa 


quite smooth except for some small ripples near the wall, 


Fra. 4.—Sipe Top Views or a TyprcaL Dune ForMATION 


adele to a Froude number of F equal to from 0.7 to 0. 75, the water - surface 
was relatively calm. At the lowest Froude number (F = 0.27), the surface oe 
had a glassy smoothness i in spite of large bed irregularities. At higher Frowie 
—— before the dunes. disappeared, the surface became quite rippled as a I 
result of the disturbance to the flow by the bed. However, when F reached . 
= some critical value between 0.7 and 0.75, large surface waves with wave lengths — , 
a from 10 in. to 12 in. _ developed. _A typical wave train n would move slowly ae 
upstream and finally disappear without breaking; new waves would form and > 
‘repeat tl the process. B | In the presence of these surface waves, the sand bed ¥ was 
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a smooth in the center of the , except for very slight undulations 
is of the same wave length | as the surface waves, when the waves were un- 
At still higher numbers, the waves become extremely high, some- 


and most of the usual measurements were impossible. it was ‘also 
noted that, even at velocities s substantially above critical (F > 1), the water cS 
surface never flattened out again as it would have for clear water flow; it 

continued to b to be intensely wavy as long astherewasasandbed. 


ANALYSIS oF EXPERIMENTAL RESULTS 
he ‘anninenita data given | in Table 1 have been plotted i in several differ- _ 


ond ways in Figs. 5 to 7 in order to show how the total sediment discharge is - 
related to the other characteristics of the laboratory streams. Because the ye 
bed- load discharge is small, the total sediment discharge may be 
equiv valent to the suspended- load discharge for all practical purposes. my a 
a _ Impossibility of Taking Slope or Shear As an Independent Variable.- eal 
. Fig. 5 it appears that the mean velocity, U, and the sediment discharge con- 
| __ centration, C, are not uniquely determined by the depth, d, and ‘the slope, S. 
| For example, in Fig. 5(a) the points, U = 2.04, C = 1.95, and —U = 12.35, 
' 7 C = 1.1, have practically the same d-value and S-value but different velocity 
j 7 and ¢ concentration values. This result is completely contrary to present con- 
cepts of open-channel hydraulics; it is commonly believed that the velocity of a 
flow and the sediment transportation rate can be uniquely determined if the 


: & depth, width, and slope, and hence the shear, are known, in addition to the size 
applying any flow formula as the Manning equation or the Darcy- 
Weisbach formula) to a flow over a movable bed of fine sand, the usual | assump- 
tion of approximately constant roughness leads to ) @ gross 1 misconception about 
relationship of velocity to depth and slope. Actually, the “constant” 
roughness can change more than any of the other variables because of ‘the 
changing bed configuration. For example, increasing the slope of a — 
‘ with depth constant is supposed to increase its velocity, but from Fig. 5 it is 
apparent t that higher slopes are frequently associated with lower velocities for 
a given depth. . Similarly, if the depth is increased, holding the slope constant, x * 
the velocity should increase. The experimental results, however, show that 
j ee Because the walls have a significant and variable effect on the hou. it i is 
: 


perhaps preferable to compare the data on the basis of the hydraulic radius for 
the bed, Tb, and the bed shear, obtained from the side-wall correction ll 
tions (Table 1). If U and are plotted again against” S and rs, instead 
“against S and d, and lines of constant shear (or simply constant r, S) are drawn, » 
the same conclusions may be drawn. if anything, one might even be led to 
3 conclude that the higher concentrations and velocities are associated with the 


4 ; smaller shears, a result completely contrary to widely held beliefs about ted. 7 


— 
__ antidunes are formed. No runs were performed at this extreme condition _ — | 
— 
“a 
7 
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 . 
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tli the ra range of eapedahentn conducted, it may be noted from Table 1 that | 
_ the shear velocity for the bed, Us», has remarkably little variation compared - 
Se _ with the velocity or transportation rate. It may indicate that in the range of R 
‘sediment loads encountered, the bed configuration tends to adjust itself in a a 
way which the variation of shear that 


and Velocity As Variables.—Because the 
_ the sediment discharge concentration could not be expressed uniquely as a — 
a - function of the slope and either the depth o or the bed hydraulic radius, an at-— 
ps was made to discover which quantities could be logically used as inde- 


pendent variables. It was found that any two variables ere two of ke" 


(a) 0.16 MM 


13 


Lower figure - sediment Gischarge in grams per liter 


Depth feet 


ae 


Bed covered with dunes or meanders] 
a@-T=315°C 


0.0024 0.0028 0.0032 0.0036 0.0016 0.0024 0 0.0028 


the following three groups could be considered as (a) d d or 
(6) U or Q; and (c) Cor G. For Fig. 6, d and U were used as coordinates, -_ 
for Fig. 7, Q and G were used. These two particular combinations of inde- 4 


pendent variables seemed most logical and made the results the easiest to 


a. sand size is, of course, a very significant independent variable, but, 
because only two sizes of sand were used, little could be deduced about the — 
‘4 effect of the sand size on the sediment load. No information was obtained on — 
Although temperature is a variable of secondary importance, it was | still 
found advisable to regulate it at 25° C for the second series of runs (21 to 30) 
_ to avoid any possible confusion resulting from too many variables changing at 


once. i For the earlier runs (2 to 13) with 0.16-mm sand, the range in tempera- 
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"SAND BEDS 


- yeledty’ of the sand i increases, and there i is a tendency for the sediment discharge — 
to decrease, other things being equal (Table 1, runs 3 and 4). 
ae The following fairly definite qualitative conclusions may otha 
— ‘Fig. 6, in which | U and d are taken as the independent variables, and two of 
- the dependent variables, fot and C, are supplied for each of the plotted points. oe 


ied The variables fs and are uniquely determined U and d for 
- flu ume. From these, all the other quantities listed in Table 1 may be deter- oe 
ea 80 that the character ¢ of the flow i is completely d determined bya selection i -_ 


4. This was also borne out by sa experience in | operating the = _ 


| 


14 «(16 18 20 2208 1.0. 14 16 18 22 


CONCENTRATION Versus Depra AND VeLociTY 


flume; by choosing the depth and 1 mean , velocity, one, and only one, definite | 


equilibrium flow could be obtained, 


For a fixed depth, increases as U increases in most eases. Also, fo 
' decreases markedly as U increases because of the changes j in the bed configura- 


owe 


4 results in a drop in f, from 0.102 to 0.0225, because the dunes are washed away > 
_ and the sand bed becomes flat. At the same time, the discharge concentration, 
C, is increased from 1.2 g per | liter to 2.45 g per liter. } & OF 
_¢. For a fixed velocity, C decreases slightly as d increases, but fr does not 
~ appear to depend much on the depth in the limited range studied. epee, 
a d. The foregoing conclusions apply equally well for both sand sizes, 
o- e. For: a given value of d and U, the concentration of sediment discharge, Be 


6 for the 0.10-mm sand is approximately from 2 to 4 times as much as thet ming 
for the 0.16-mm sand i in 1 the range of conditions covered. we 


2 inerensing the ane from 1.25 ft per sec to 2.0 ft per sec s fer d = 0.195 ft 


ture was from 2 runs; these three cases are ee! 
| 
0.28 (a) U.16 MM SAND 36 — € 

Lower figure sediment discharge concentration, in grams per liter a | re 4 

— 
Fie = 
— 
— 
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In Fig. 6(b) it may | be ‘noted that ‘there i is a substantial gap betwee ae 
a- 


jo326 — 


figure — mean in feet 
Pa 


otal sediment discharge (G), in pounds per minute — 


° 


; 


and bed. For the sand size 6(a)), three intermediate 


points were established, two at a velocity of 1.8 ft per sec and the other at 1.5. 


_ ft per sec; these were the three runs for which meanders were observed. How- 


on for slightly lower velocities, the sand w waves would probably interfere in 
_ the same way as for the 0.10-mm sand. It is not known whether this is a 


‘Pasorow Fa: Factor AND Depro Versus WATER Discuance 4 


@ tin 


— f. The friction factor, fr, app Same for both cond 
for any given value of d at U.” BeCallse Jy May be influenced by the 
A a amount of sediment load as well as the dune configuration, no further conclu- ee 
— 
tion an attemnt woe made to ostablich some points in the gap, but it appeared” 
— 
0.231, 
Upper figure friction factor for the | 4 
sanders 
— 
0.12 — 
_ a 
— 
— flume 
— 
— 
— 
q 
= 


system: effect, or whether we actually are impossible combinations of depth 
ae - Water Discharge and Sediment Discharge As Independent Variables. —Some 
corollaries of the foregoing conclusions can be deduced by replotting the data hee 
_ (Fig. 7) with the discharge, Q, and the total sediment transportation rate, G, 


> a used a as the aes variables, and the values of fe sand d recorded opposite ae 


a. All the variables, feand d, can be ‘uniquely from Q 
ee, G. _ For example, to transport 1.5 lb per min of 0.16-mm sand with a 
- discharge of 0.25 cu ft per sec in the laboratory flume, it may be estimated from 


“the neighboring points in Fig. 7(a) that the required depth will be Tot 


Fic. 8.—Scuematic REPRESENTATION OF THE RELATIONSHIPS OF SUSPENDED-SEDIMENT 


yom _ ‘TRANSPORTATION FOR THE Fiume (INCREASE IN d AND f Is to 


jars eb ati DIRECTION OF THE ARROWS) . 


mately 0. 19 ft and fo = 0.07. | For the ‘sadias load of 0 0.10-mm sand, there > 
follows from Fig. 7(b) that d = 0.27 ft and fo = 0.12, with Q = 0. 25, cu ft per 


= as before. The required slope i in each case can be obtained by working ee 
back through the side- wall correction equations. may be that i in 


4 

: 
— 
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‘ 
é 
a 
— 
q 
Ps ‘pendent and can be directly controlled. Kverything else adjusts to these 
— 


Bene Maintaining a constant, G, while Q is increased, requires that the depth, 


‘ d, increase, although not as much as Q. The velocity, U, also increases. __ 
a 6 For a constant, Q, a an increase in G Tequires a a em in d. _ This i isa 


sediment load for any given hence, a ‘unique 
tionship did not exist for the laboratory flume. For example, run 23 and run 
28 had practically identical slopes and discharges (Table 2) but two different 
depths, 0.189 ft and 0.284 ft, respectively. The transportation rate for the 
; former was 6. 2 lb per min and for the latter 4.45 lb permin. S| Todd 
For. a given value of Q the largest fo-values are associated with the 
smallest sediment transportation rates. From Fi 7(b) it appears that fo 
4 smalles Pp g- pp 
_ reaches an upper limit of about 0.12 or 0. 13 (very large values), and afurther 
decrease in does not increase to much more. Physically, there must be a 


_ limit to the roughness of the channel because the height of the dunes is _— 


_ limited by the depth of the water, 
7 ™ e. The ne foregoing conclusions are are , qualitatively the s same for both sa sand nd sizes. 


"Although the data obtained are not sufficiently to estab- 
_ lishing general quantitative formulas, the results shown in Fig. 7 can be repre- ‘1 
. sented schematically as shown in Fig. 8. _ The relationships } indicated by the — 
“@ curves in this figure are approximate inasmuch as the figure is intended only 
§ to make some of the various qualitative conclusions more graphic. _ eA: ; 


Resvrrs oF OTHER -Lasoratory EXPERIMENTS 


¥ The m wultiplicity of the lationship between sediment discharge, depth, and 4 
_ slope encountered in the experiments has not been cited by any previous labora-_ 

_ tory investigators so far as this writer is able to ascertain. Either the roughness — 

"effect causing this multiplicity has not been noticed or else it has not been — 

_ nearly so pronounced (if existent at all) for some of the other sand sizes hereto- _ 
fore used in sediment transportation experiments. 

With coarse material, the sediment moves primarily as bed load; although I 

_ dunes have been observed, it is possible that the roughness may not undergo _ 

' nearly such radical changes. In this case the bed-load transportation = iE 
would be more or less directly r related to the shear, as first suggested by P. Du 

4 Boys,* and checked by countless investigators during the past several decades. 

a However, the large scatter of the points in all graphs of bed-load tranaporte- : 
tion rates (which is usually ignored) is evidence that some other effect, such — 

a. as roughness, has not been provided for. r. Ins some bed-load formulas, notably 4 

that of the Waterways Experiment Station at Vicksburg, Miss., the Manning “4 

roughness coefficient, n, has been included it in the formula as an independent 
yariable; however, a method for r predicting n n is then needed. . The bed-load 
theory of Hans A. Einstein,’ M. ASCE, , considers variable channel roughness 
and d includes a method f for determining it. it. His will | be Teviewed subse- 
quently in connection with suspended-load theories. 


gone “Le Rhone et les rividres a lit affouillable, " by P. Du Boys, Annales des ponts et chauseses, Series 5. 5 
*“The Bed-Load Function for Sediment Transportation i in Open Channel Flows, ” by B. H. A. Eoin, 
Bulidin No. 10 1026, U. 8. of Agriculture, Washington, D. 1950. 
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is the mechanics of streams with beds of silt or - clay, or the finely ground i 
a flour used by Anton A. Kalinske, M. ASCE, and C. H. Hsia. It seems thet 


- coefiicient, n, varied only from 0.0119 to 0. 0098, with one of the highest oral ; 
: being for the run with the smallest concentration of sediment discharge (0.64%) es 
and the smallest n for the r run with the largest concentration (11.1%). iowa 


oa a Consequently, it may be that the multiple relationship between sediment ee 
transportation rate and bed shear occurs only for some intermediate range of yore 7 
‘ie sediment sizes: under ordinary circumstances, or possibly it would occur only 
ne at unusually large : shears for coarse material and at extremely small shears for or. 


a 2 “Some recent observations by the Missouri River Division of the Corps of | a 


irregular the bed of al river can be. In a reach selected for sediment transpor- 
tation . studies on the Missouri River r near Omaha, Nebr., periodic soundings 
of the sandy bottom showed that the character of the bed surface was quite ee 
changeable, being smooth at some times or places and ‘Tugged and i, oll 


(much like the bed of the flume) at other times or places. A number of a 


as 6 ft or 7 fti im, distances of less than 50 ft in a flow ft to 15 
ve ¥ Although it was not possible to make a thorough analysis of large river 


dunes, the evidence indicates that the size of dunes i in fine sand i is more or less ae. 
- Because the dune size is relative, the Darcy- ; 


Weisbach f, which is a function of the relative roughness, should be used to. 


 deeandae a dune configuration it instead of the Manning nN, which i is directly a oe 


ae related to the actual size of the roughness sss elements. If the channel roughness 
_ for the laboratory runs had been reported as the Manning n, the values ob- — 
tained would see seem small compared with values obtained for natural ‘Tivers ; a ee 
bed su surface covered with dunes 0.5 in. high in a flow 3 in. deep i is very ‘rough, a 
_ whereas in a flow several feet deep the same absolute ‘bed er would oS 


For large natural rivers, Luna B. Leopold, A.M. ASCE, and Thomse 
ei dock, 12,13 M. ASCE, have found that the roughness, and hence the depth and _ a 


ioe “Study of Transportation of Fine Sediments by Flowing Water,” by A. and C. H. Hsia, 
Bulletin No. 29, Univ. of Iowa Studies in Eng., Iowa City, Iowa, 1945. 
u Transportation Characteristics Study,” by Missouri River Diy., Corps of Engrs., 
wv. 8. Dept. of the Army, First Interim Report, Appendix D, Topographic Maps, Casha, on ea 
Hydraulic Geometry of Stream Channels and Some Ph iographio | Im lications,” by L 
Leopold and Maddock, Jz., Professional Paper 252, Geological of the Interior, 
_ 18 “Relation of Suspended-Sediment Concentration to Channel Scour and Fill,” by L. B. Leopold and 
T. Maddock, Jr., Proceedings, 5th -‘eneeet Conf erenc ulletin No. 34, Univ. of Towa 
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carry. Their observations agree well the flume fx from which 


example, Leopold and Maddock i in a figure" give ‘the following in- 
formation. | When Hoover Dam was built on the Colorado River, the Sedi- 


action of the r reservoir. At Yuma, Ariz., the a: annual of su suspended 
am "sediment after the dam closure was only one-tenth of what it had been previ- 
"es For a typical flow of 12,000 cu ft per sec, the depth jumped from 
" approximately 5 ft to 9 ft, the v velocity decreased from about 5 ft per sec to a J 
3 ft per sec, and the Manning n increased from approximately 0.013 to 0.030 
(which corresponds to a five-fold increase in the Darcy-Weisbach 
" ie slope did not change, although the stream bed elevation dropped approximately 
Thisisanexamplein 
which for a given discharge and slope the stream responded quite differently — a 
when the suspended load was 3 artificially reduced. - Qualitatively, the « changes ay 
_ which have occurred are in perfect agreement with im eenenene based on the — 
"laboratory d data plotted in Fig. 
Leopold ‘and Maddock suggest that the increase in} 
effect of the decrease in suspended load. However, it is doubtful if the effect 
is direct ; probably the bed of the stream has become covered with irregular 
dunes giving increased resistance to the flow. ‘Actually, it is fortunate that — a 
- the stream can adjust its bed, change the hydraulics of the stream, and thus ~ 7a 
greatly | reduce its transporting capacity. Otherwise, the at Yuma 
would undoubtedly have been much more severe. _ a: 
_ Another example is given by Leopold and Maddock in a 5 figure * 6.16 show- ag 
ing the changes in the hydraulic characteristics of the Colorado River at a 
ae Grand Canyon, Ariz., occurring during the annual flood of December, 1940, S 
to June, 1941. On the rising stage, the suspended load was very large, and 
hind the stream bed aggraded ; on the falling stage the load was much less, and the — 
Ay bed was scoured. For two approximately equal discharges, the following « data 


may be read from two ‘sets of pointson theircurves:s 


in cubic feet per second... .. 0000 12 000 
load discharge, ir in tons per 500, 000 47,000. 
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Geometry of Stream Channels and Some iographic Implications,” 
ay ewe Jr., Professional Paper 262, Geological Survey, U. 8. t. of the nte’ 
D . C., 1953, p. 38, Fig. 28. inte to 
16 “Relation of Suspended-Sediment Concentration to Channel Scour and Fill,” by L. B. . Leopold and 


T. “Maddock. Jr., Proceedings, 5th Bulletin We. 84, Univ. of Towa Studies i in 
Towa City, Tov Towa, 1952, p. 164, Fig. 4 
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Presumably the slope of the river was same in both cases” 
s ‘as the stage was not changing rapidly. Assuming a constant slope, it may 
: readily be shown that the Darcy-Weisbach friction factor, f, was 6.5 times as 
large on the falling stage as on the rising stage , and that, on the falling stage, 
_ when the transportation rate was small, the bed shear was actually much larger. — 
further examination of the figure’® of Leopold and Maddock reveals 
for a given depth the discharge depends on the amount of load. 
example, when the depth was 16.5 ft, the discharge on the falling stage v was aa 
12,000 cu ft per sec, as indicated in the foregoing tabulation, whereas it was " 
s 000 cu ft per sec by interpolation on the rising stage when the sediment 


In this second example also, the observed changes in the Colorado River | 
during the passage of a flood agree qualitatively with the conclusions drawn 


. from the flume experiments. The Colorado River is an especially good example L. 
7 for illustrating these effects because the sediment load, carried mostly in sus- 
7 a pension, is large and variable, and the bed is predominantly of fine sand. Jae a 
On another point, however, there is an apparent contradiction between the 
LC of Leopold and Maddock and the flume data. From a massive 

, they conclude” that “* “* ** wide river 

by "having ‘a particular velocity is is observed to carry a smaller suspended load — 
_ than a narrow river having the same velocity and discharge.’ In other words, E. 
fora a fixed velocity the suspended-load discharge concentration increases when — 

the depth is increased. This is just the opposite of what has been concluded 

- from the flume experiments where the sand size is held fixed. = = | 

However, their r statement to streams as found in in their natural ral con- 


be construed « on the basis of shins writers’ conclusions pee the results of the a 
4 flume experiments that the narrow streams carry more load only because they - 7 
_ are typically cut in finer material than the wider streams. When the bed _ 

material is the same, however, there is flume evidence to show that a wide — 

shallow s stream would carry more suspended load at a given velocity, = 
ne _ When the sediment size is s essentially fixed, the writer’s conclusion regarding 

“the effect of depth on concentration is supported by the field observations of 

_ Raymond A. Hill, M. ASCE, published i in 1926 for the Colorado River at 

Yuma, Accurve given by him shows that : as the depth increases the average 


decreases with the velocity remaining constant. Taint 


a From the foregoing discussion of both flume Vela river - data, it is evident fe 
that any workable theory of suspended-sediment transportation must a 


Hydraulic Geometry of Stream Channels and Some Physiographie | Imy b 

Leopold and Maddock, Jr., Professional Paper 252, Geological Survey, U 

8 Discussion R, A. Hill of “Permissible Canal Velocities,” by Samuel Fortier and Fred C. Scobey _ 
ASC. Vol. 89, 1926, pp. 061-064. AST aq. 
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rmining 


bed-pickup theory advanced by Emory w. ‘Lane, M. ASCE, and 


bed oe aS only, whereas it has been observed i in the flume that the existence 
of dunes greatly facilitates the suspension of bed material. Thus, a more 
_ general theory is needed which takes account of the changing bed configuration — 
“a its tremendous effect on the pickup mechanism. . Furthermore, the original _ 
analysis of Lane and Kalinske, and subsequent modifications thereof, 10 were 4 
‘based | on the common supposition that the shear could be used as an inde- i 


_ Einstein and Nicholas L. Barbarossa,2?9 M. ASCE, have made a signifi- _ 
PL. cant attempt to analyze river channel roughness. _ A basic implication of their i 
nae also is that there is a definite stage-discharge relationship fora 
; nt stream and that there will be a particular roughness associated with each point | 
on the rating curve. This is equivalent to assuming that there is a unique ry 
4 abil between discharge, depth, and slope, irrespective of the sediment load. a 
" There is now strong evidence both from the field and the laboratory, indicating 
- that this is not a basically correct physical law. It may appear true for some — q 
Fe natural streams, inasmuch as it is not easy to isolate the effects of the various 
z variables until something unusual happens to the stream, such as damming. © 
analysis of Einstein and Barbarossa “appears consistent because their 


: o:« ‘i will probably | be found adequate when applied to the natural “ane 
sat _ from which it was derived but of limited help in predicting what changes would 
a occur in the stream whose equilibrium is drastically upset by man-made works. . q 
Einstein’ s basic transportation theory? i is based on this analysis of rough- 
- ness. An examination of his theory will reveal that for a given bed material i 
4 there is only one equilibrium rate of flow and sediment transportation 5 
2 corresponding to each combination of bed hydraulic radius and 1 slope. wl Ex- 
* ae periments performed by | this writer show that this is certainly ‘not true for 
4 7 i. fine sand in the laboratory flume and, with some substantiating evidence from te ( 
Leopold and Maddock*» that this assumption is not always 
natural rivers either. ‘Therefore, it is believed that Einstein's basic approach 
to the determination of channel friction and suspended-load discharge wil 
Thomas Blench,” ASCE, in his regime has avoided | 
ae) consideration of basic quantities such as the shear. Because his analysis is 
purely empirical, it may be that he has arrived at some results which are = 


8s reasonable as those of other investigators who have assumed that | the he trans- a 
___ #“The Relation of Suspended to Bed Material in Rivers,” by E. W. Lane and A. A. Kalinske, Trans- 
actions, Am. Geophysical Union, Pt. IV, Vol. 20, 1939, pp. 637-641. ue tne tte) a eee 


%“*River Channel Roughness,” by A. and Nicholas L. Barbarossa, Transactions, ASCE, 
Vol. 117, 1952, pp. 1121-1146. 


= for Seemed Sediment-Bearing ” by Thomas Blench, ‘ibid. Pp. 383- 


— a method for dete the stream roughness because it is not adequate to . 

an =.’ assume that it is constant. In fact, the use of the ordinary fixed-bed, open- 

. i: channel hydraulics for alluvial streams can lead to gross errors because in any __ 
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portation rate of suspended ‘sediment depended on the Paneer However, it is 


difficult to evaluate his work | because he has not reported any of the basic data. oan 
but only | some of the constants in various empirical equations. | noth 
_ In view of the complexity of suspended-load phenomena, it is no wonder | 
‘ that there has been considerable difficulty i in finding a reasonable theory for 
determination of the -load transporting capacity of streams 
flowing over movable beds. 7 his writer has no basic theory to propose and 
: has sought only to establish some basic facts with which to evaluate existing 
a theory. At present, there is a great need for more information on , exactly v what 


happens in such ‘Streams; without it sediment transportation theory will 


> - 


~. 2 


For the laboratory flume it was found that neither men velocity n nor ia: _ 
sediment discharge concentration could be expressed as a single-valued function __ 
of the bed shear stress, or any combination of depth a and slope, or bed 
2 hydraulic ra radius and slope. - This finding i is s contrary. to the almost universally — 
held assumption that the transporting capacity of 


_ stream can be uniquely related to the geometry of the stream am CTOss scction, the 
slope of the: channel, and the size of the bed ‘material. Two present theories,®* _ 

_ based on this erroneous assumption, were found to be inadequate. 
a. 2. The difficulty in relating the velocity and concentration to the bed shear 

‘i arises because the changeable bed configuration caused extremely large varia- 

- tions in the channel roughness. For the 0.10-mm sand, the Darey-Weisbach 4 
friction factor for the bed varied f from 0. 019 for @ run for which the velocity © 
Was high a and the sand bed was swept | smo oth, to 0.13 for a run for which | ‘the - 
velocity was low and pattern of large 

8. When either mean velocity and depth o or water discharge and total se 

_ ment discharge are used as the pair of independent variables for the flume data, ” 
all other quantities are uniquely determined by what appears to be an — : 


4, From the data obtained in the laboratory flume with 0. 10-mm s sand oe 


0. 16- sand, the following qualitative relationships were found: 


aud a. For ‘constant Sihtenns Q, an increase in » the sediment discharge, G, 
requires a decrease in the depth, d. Field thet thi this 
relationship is also true for some large rivers. Inomitea lato) 
a. b. For a given slope and discharge, it was found that two depths of flow 
were possible. When the sediment discharge was small, the depth was large, 
the velocity was small, and the bed was rough, and when the sediment discharge — 
es was large, the depth was small and the bed of the laboratory channel was 
4 smooth. Field data show that this conclusion applies to natural streams as well. 4 
a c. If the water discharge, Q, is to be increased without changing the total > 
sediment discharge, an increase d would be necessary, although this 
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a given value. of Q, the largest. bed friction fective are associated 


concentration, C, generally increases. = rend eal | 


ana f. When d is increased, holding U constant, C decreases slightly, and f, 
“does not change appreciably in the range of conditions covered. Field evidence .. 

ie For given value of d and of U, fos seemed to be numerically the ‘same 


0 10-mm sand was s from two to four times as large as C for the 0. 0.16-mm send. 


ot The writer is “grateful to Vito A. Vanoni for his « supervisior | generous . 

assistance during the course of the research. The research was performed with 


the aid aid of a National Science Foundation Predoctoral ral Fellowship. Wad sie ¥o 


Fegan The following symbols have been adopted for use in the paper and are p nil 


a= 
ant 


6 = width of flume 
t= = sediment d discharge concentration, or concentration of in 
froth oh 8 sample o of the discharge = = G/Q (weight per unit volume) ; out 
sites If c = point concentration at the distance y from the bed; aoe “3 
= point concentration at y = 


mean depth of flow: « ode i 


roude number = 
= Darcy-Weisbach friction factor for channel = 8(U. U)?; 


= friction factor for bed alone, calculated from correction 


g = gravitational acceleration; Dita 
k = von Kérmén universal ‘eonstant; of + 
r = hydraulic radius = b d/(b + 2d); Baw wilt 
3 ile -t» = hydraulic radius for bed section of flow, obtained by side-wall cor- _ 


= of f water; 
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mean velocity =| 


Us = =- - shear velocity for bed only = = gms tbe entity 


= shear velocity for two-dimensional flow = T o/ f gd dS; 
= settling v velocity of sand g grains; allot ods 
au y = vertical distance from the bed of the stream huis 

= exponent in suspended-lc -load equation (Eq. 2); 5 

= ratio of turbulent-diffusion coefficients for sediment and momentum; $2 

p= mass density of water; 
hg geometric standard deviation of sand-size distribution ; and 

= mean shear stress on the boundary « of achannel. I "ey old 
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THomas BLeNcs, M. ASCE the description of experiments given 
in the. paper, the writer believes that a steady state of sediment movement was 
=? reached and that, even if it had been reached, no quantitatively useful re- - 
sults could | have been obtained with the suspended load and bed-load mea- 
m used in the author’s experiments 
(about which the author makes the following statement: “The two sets of 
profiles were practically identical, indicating that the equilibrium achiev ed a 
Bi was stable, well defined, and reproducible”) seems to be no more than a. test _ 
of the fact that the same conditions, applied for the same time, produce the rT 
same degree of disequilibrium. It is not surprising therefore that ‘the data 
obtained are not sufficiently extensive to permit establishing quantitative 
_ formulas.” Why they should be considered sufficient to destroy t two - 
_ established theories, of which the regime theory is one, is not clear. ‘saint meee | 
‘The writer wishes to draw attention to several misunderstandings | of the aa 
_ regime theory: First, that it is his own, whereas pains have always been taken 
to attribute it to Gerald Lacey. | Second, that it avoids consideration of sheet, 
- whereas, in the way Lacey presents i it, g d S is brought explicitly into the © 
Ts. ® regime slope formula. __ Third, that basic data were not made available, », where- = 
as the writer’s paper gives its own references* abounding with data. Fourth, 
_ that it is based on an erroneous assumption (in the “Conclusions”) concern- - 
ing suspended load, whereas it makes no assumption about suspended load A 
and offers no means for dealing with it; it is essentially a bed-load lll 
Actually, the theory consists of explaining observed facts of canal self-adjust-_ 
ment that were > found to be represented by certain formulas; the formulas 
do not depend on the theory. ek q ; 


JAMES | R. Barton®.— —In the field field of sedimentation, where controlled and 
reliable data are rather scarce, it is encouraging | to learn of new results. The b 
“< author’s measurements appear to be fairly complete, and the care with which 
they were taken should make themreliablee = 
Recent studies at. Colorado State University made for the Missouri River 
_ Division of the Corps of Engineers indicate that most of the author’s conclu- 
os Ss sions are valid. Conclusions 4a and 4d agree very well with the findings at : 
Colorado State University. The changing pattern « of bed roughness found in 
24 these studies is also similar to that reported by the author. iS ho ee 
a The sediment used in the Colorado State University studies had a median 
: ‘ diameter of 0.180 mm and a standard deviation of 0.037 mm. . The bedroughness 
was found to vary systematically with the mean velocity o of flow, asshownin Fig. 9 
“4 In Fig. 9, C is the Chezy coefficient. For velocities less than 1 8 ft per sec 
the bed was covered with dunes similar to those shown i ‘in Fig. 4, | Between 
“_ velocities of 1.8 ft per sec and 2.4 ft per sec, sand bars occurred on the bed, 
-4 and the water surface was undulating so that uniform flow could not be estab- 


® Prof. of Civ. Eng., Univ. of Alberta, Edmonton, Alberta, Canada, and Cons. Engr. 
a Dept. of Civ. Eng., » Colorado State Univ., Fort Collins, Colo. 
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eg BARTON ON SAND BEDS 

lished. The flume ‘used 1 was 4 ft wide and 70 ft long, and the sand bars v were 

generally from 6 ft to 10 ft long with the crest of the sand bars always diagonal © 

to the direction of flow. Each sand bar generally extended across the entire — 

width of the flume. This sand-bar phase seems to coincide with the author’ 8 

- meandering bed condition. For velocities greater than 2.4 ft per sec, the sand 
1 bars were swept away and the bed became free of all dunes and ripples. - ‘This | 

_ phase has been named by the writer as a plane bed as contrasted to the author’ s & 

smooth bed. The term “smooth” was avoided because, although no ripples - 


é 
a of any size existed on the bed, the sand grain roughness ' was sufficiently large 
1 


so that the bed was not hydraulically smooth. - Computation of the thickness — 
_ of the laminar sublayer indicated that the median grain diameter and the 
laminar sublayer were approximately the same size, leaving many of the larger — pr 


grains projecting above the laminar sublayer. Further increase in velocity 


on bed Prane bed 


we 


gathered for the antidune condition. 
hy During many of the experiments, the depth did vary during the ee 
of establishment of uniform flow. The variation of depth was often caused 
by nonuniform movement of the sediment through the system. However, 
after the flow reached a stable uniform stage, the depth also became stable. a3 
‘The author seems to have assumed too much in arriving at conclusion 4b. 
In fact, the writer is somewhat confused by conclusion 4b after reading con- 
clusion 3. The cor confusion n probably arises from the fact that slope is not co 
tioned in 3, although it is a definite part of 4b, and therefore it is difficult on 
visualize the exact interrelationship. However, under any circumstances, 
oe. data gathered a at Colorado State University do not substantiate conclusion 4b. 
= Although the writer will not attempt to explain conclusion 4}, he does feel that 
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_ more data several different flumes should be gathered — 


Slo; 
| Coefficient, | ‘Slope, “Bed condition 


90183 


The median diameter of the ‘sand was 0.180 mm. Each run was allowed 


existed, and invariably, if the depth changed, the slope also changed. |The 

oo ‘slope and discharge could not be held constant and have the depth vary. = 
_ Additional data are recorded in Fig. 10, , which shows discharge plotted against _ 
— depth w with slope as the third variable. It seems logical to assume that, if 


> 


Depth (d), in feet 


Tom rat e=19° 
— peratur 


S- 0.150% 10 0.170% ‘ 
Temperature = 21°C 


or 


- more than one depth can exist for a given slope and discharge, the data should — 

exhibit more scatter than the normal scatter pattern shown i in Fig. 10. Some > 


of the scatter may be explained by a variation in temperature. The tempera- f 
ture varied from 15° C to 23° C for curve A, with most of the runs being g made 
ata temperature | of 19°C. The extreme temperatures are shown next to the 
points involved. All runs for curve B were made at temperatures between 

20° C and 22° C except one which was made at > at 27° a as shown on the graph. 


may be a characteristic of eth to challenge 
usual results. t Colorado State Uni harge two depths are va ean 
— die or TEsts IN 
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of the experiments and an analysis. of the data from the 
experiments made at Colorado State University both fail tosupport conclusion 4b 
_ Therefore, the writer feels that conclusions 1 and 4b should not be be generally ; 
accepted until further evidence, obtained from more than one -experimental 


has.verified the same findings as those of the author, 


A. Exysrem,™ M. ASCE, AND Nine Curen, / 25 A ASCE- —The 
‘ euther has presented s some ver ry interesting results and on the basis of these has — 
= expressed some doubts on the sable of existing methods i in describing the 
roughness and sediment transport of alluvial channels. According to his find- 
i. i ings, the transportation rate cannot always be expressed a as a un ique function of 4 
_ the bed shear stress, the channel geometry, and the properties of the sediment _ 
because of the extreme variability of the channel roughness. The modern 
‘theories on sediment transport’. 26 have fully recognized the important role — ~ 
me played by the bar resistance in defining the alluvial channel flow. , At low and 7 
= medium rates of tac load motion the bar resistance is a major part of the total 
frictiona ar transmitted to the bed 
through the resistance of the sand bars has a minor effect on 
‘ bed-load transport. Therefore, the sediment transport has been related only | 
to the other part of the bed shear—namely, the grain resistance of the bed ma- 
- _ terial. Thus, the conv entional methods permit unique determination for most 


that, the and slope of the channel are uniquely deter-— 
mined by the discharge and the sediment load, the reverse is not true. This 
isd due e to the fac fact that, for the same depth, slope, and bed material, in one _ 
the bar resistance may be large and the sediment load and discharge small, and — 
in another case the bed may become quite smooth and be able to carry a larger — _ 
flow and sediment load. _ This discussion attempts to reassess the author’s 
Moz, 


iat * It will be shown that the behavior of bar resistance in the ay 8 exX- 
suisente differs from the findings of past river observation, and it is precisely E: 
this difference which results in the complicated flow patte: d in th 
It will be shown that some of the which the author has ob- 
-_ serve d in his flume, and which he introduces as new and as contradictory to past 


-_ experience, are actually i in full ‘agreement with previous theories and are be- 
: lieved to to apply to rivers within very limited ranges of flow and sediment condi-— ra 


3. It 


will be shown that the field observations quoted Brooks 
f of his findings do not fit the case that he intended to illustrate and can actually ; 
be fully explained by the past methods of description. 


% Prof. of Hydr. Eng., Univ. of California, Berkeley, Calif. ah 
_ Associate Prof. of Hydraulics, Tsing Hwa Univ., Peiping, China. ‘ade 


“*Formulas for Bed-Load Transport,” by E. and R. Miller, International Assn. ‘fo 


2” “Graphic Design of ‘Alluvial: Channels,” by Ning Ab Transactions, ASCE, Vol. 121, » 1956, 
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dingy An ae pt will be made to explain the deviations of Brooks’ results from 

the river data by an interpretation of his and other similar results in the form ms 
bar-resistance e graph as proposed by the senior writer and Barbarossa.” 


1951 paper® was published i indicating that the resistance of a movable 

bed can be divided into two additive par parts, the first of which is related to the 
roughness of the surface, as defined by the representative grain size in the bed. 4 

It may be considered as the Toughness obtained if if the grains are arranged i ina 

_ perfectly regular manner so as to create a perfectly flat, rough surface. d- 


Ana 
ditional frictional effect is obtained if the same particles are arranged in a more P 


irregular fa fashion—in such away that they protrude irregularly from an average 
bed surface or they actually arrange themselves in the form of bars or other ir- 


wel 


River condition — 
De mm $=0.0001 lage 
Curve 1, d=10ft y 
Curve 2,d=14 ft odd 
Curve 3, d=20 ft 
d=0.245 ft 


Four Hyrorserica, Cases Wuicu tHe Same Depts, Siope, anD Bep MATERIAL ARE 
: regularities. ‘This latter part of the friction was shown i in the paper to be Lan 


function of the bed-load transport rate, which itself i isa a function of 


is of the same parameters and are shown i in Fig. 11 as open circles for the case, 
=D, =0.16mm. It can be seen that at low stages the bars be behave t! the same way 
in n the author’s flume as they do in rivers. _ At higher flows the - experimental 
; points begin to deviate systematically from the natural-stream curve and line © 
up along a higher curve, indicating | that sand bars ' disappear sooner than i in 
‘ ‘natural streams. ‘It will be shown subsequently that, if the bars behave this 
_ way in the author's flume, the flow relationships become extremely c complicated — 
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a ih order to demonstrate whether different flows and sediment loads can aie” 
= ei rried by the same channel at equal ‘slope, depth, and bed material, the sub- — 


- sequent argument will be conducted on the basis of curves which show the vari- — 
ous 8 aspects of the relationship between the bar resistance and the flow intensity. 7 


“all possible combinations of y’ oad. U for a given combination: of bed-m -ma- 
a : terial size, slope, and depth, assuming no relationship to exist between y’ and 
No bank friction is introduced in this derivation. Curve 1 is ob- 
tained as follows: For each point of the curve, the depth is arbitrarily divided 
into ry’ and ry’; for example, 7 re’ = 6 ft and ‘= 4 ft. Now wy’ can | be : 


U/u,"” ‘is obtained, using friction formula ula (or any others ‘such 
Uy” 


in whieh» is ‘the density the solids, that of the fluid, and zisa parameter 
defining the transition between friction on smooth and rough boundaries. The 
three curves represent all possible combinations of 1 and for the three 
_ depths. — If curve N applied to these flows, one may conclude that its inter- 
‘section with the three curves gives the actual solutions. One would read thus a 
from Fig. that the 10-ft depth has only one solution with | = 10.3, a 
; well-defined bar condition. es Curve 3 does not intersect curve N, indicating that i. 
mt an intersection must occur at a very high value of U/u,’’—with the bed © 
flat and the bar resistance negligible. th Curve 2 » however, follows curve N for = 


same combination of depth, slope, a and grain size. ot Here, the old ieoaeie 
Imethod#® ‘shows the exact behavior which Brooks claims to have newly dis- 
covered. explain this point further, the stage-discharge curve for this 
particular channel has been according to methods previously 


the total frictional stages, resulting 1 in a slow increase of 
_ charge with the rise of stage, as shown by part AB of the rating curve. ‘After — 
the depth reaches 13.5 ft, a further increase in flow actually makes the bed — ; 
— That means that an increase in ry’ is accompanied by a decrease i in 


“BC of Fig. 12). At still higher stages, the bar resistance becomes 
and the discharge i increases rapidly with the stage, as shown by part CD of the :. 
“rating curve. It is immediately evident that any attempt to correlate the 

; ——- discharge and sediment load with the channel characteristics in range 

BC of the flows will become a hopeless task, considering the uncertainties and 
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ar predicting discharge and sediment load in very limited ranges of conditions was 
known n previously, but not much significance was attached to this fact am 5 
4 of the rather rare occurrences of these cases. Thus, the statement that ~<a. 
than one solution of discharge and bed-load rate is possible for a given depth, 7 
an § slope, and grain size does | not in itself prove that the old approach o of determin. + 
ing channel roughness is not applicable to this case. wie 
For a better understanding of Brooks’ findings, curve 4, which is simila 
to curves 1 to. 3, was drawn in Fig. 11 for the conditions existing in the first part 
of his experiments. _ It represents a hypothetical bar-resistance curve if various 
flows and loads are possible i in the flume at a depth of 0.245 ft and at a slope of 
0. 0025. 7 Over a large range of conditions the line follows the experimental 
points, -justifyi ing the author's claim that in his experiments the mean velocity 
¢ concentration not uniquely determined by the channel and 


rid 


Unit t discharge, in cubic feet per second per f foot 
Bep- 


12- oF A CHANNEL WITH A ATERIAL Size or 0.16 A or 0. 0001, 


.: ir @ results are even more rant 7 If the same depth and slope « can n carry 
- different discharges, the question arises as to whether the same discharge can be 
carried by different depths at a given slope. To ascertain this point several 
4 x _ hypothetical bar-resistance curves are shown in Fig. 13 for both natural streams | y 
conditions existing in the author's experiment. Each of these lines repre- 
‘Sel sents, in this case, the bar-resistance relationship if the same discharge can be 
7. carried by different depths at the same slope. _ For natural streams such a con- 
dition is not possible because each of the hypothetical lines intercepts the rece 
9 _ bar-resistance curve only at one point, and yet ‘iti is quite possible in the author's Y ; 


flume because of the hypothetical line again several experi~ 


such a way that a nities curve with reasonable range ved have been ¢ obtained, 


3 it would have onan one of sev everal possibilities, as shown diagrammatically i in a: ; 
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Curve 3, S=0.0002 
Flume condition (cuve4y) 


a 0.30 cu ft per sec 
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Four Hyporsetican Cases in THE SAME Is ASSUMED TO Be CaRRIED aT 
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no 10 wonder that the data show a wide scatter i in n Fig. 5. 
‘The author has quoted from several river observations to demonstrate , 
what he has found in his flume also happens i in nature. id These field measure- 
ments seem to indicate that for the same discharge and slope, the depth \changes 
with the sediment load. Brooks also implied that for these examples there 
was no change i in the the bed material. The present knowledge of the behavior 
of alluvial channels indicates that the depth and unit sediment load “are ; 
uniquely determined by the slope ‘and unit discharge. The apparent con-— 
tradiction between these | two statements must be reconciled either by accepting © 
the argument that rivers do behave as s suggested by the ; author, o or by showing 
_ that either slope, discharge, or grain size actually changed sufficiently to pro- 
a changed depth and sediment load. 
Most of the river data quoted in the paper are taken from the work ‘. 
Leopold gpdia-cagulllll in which the characteristics of the channel, the 
discharge, and the suspended load are correlated quantitatively. Fully” 
= recognizing the difficulties involved in sampling the bed load, the analysis, 
_ nevertheless, suffered by the fact that the sediment load includes ‘not only bed- 
material load which controls the stability of the channel. It has been demon- 
b strated** conclusively that under the same flow conditions the transport rate of 
wash-load may change drastically, depending on the availability of the material 
_ from the upstream watershed. During the dry period of the year much of the 
_ sedimentary material is made available in the watershed by weathering or 
other processes. The first rain or snow melt erodes these loose materials ac- 
cumulated at the ground surface, bringing a large amount of sediment into the 
_ stream channels. J After the loose material i is removed from the surface, the 
erosion caused by the surface runoff is drastically reduced. This accounts for 
_ the fact that in the Colorado River at Grand Canyon the suspended-sediment a 
7 load, in which the wash-load constitutes the ‘major part, is ten times s larger in 
the rising stage than it is in the falling : stage at a comparable discharge. 7 In- 
deed, even if the change i in suspended load actually reflects a change in bed- 


— 


the bed to a depth of as much as 8 ft in a matter of day 8. What actually oc ‘ 
curred in the Colorado River at Grand Canyon for that particular occasion was 
a transient change of the local river bed during a flood, as stated” by Lane 7 
Whitney M. Borland, A. M. ASCE. it should not he as an 
adjustment of river regimen in response to the change of independent variables © - 
_ imposed on the channel by the watershed. 
- ‘The example of the Colorado River at Yuma, o on the other hand, does reflect - . 
a , change i in river regimen after the completion of a series of dams (Hoover Dam b a 
s 1935, Parker Dam and Imperial Dam in 1938) along the upstream channel. M4 


“Can the Rate of Wash Load Be Predicted from the Bed- Load Function?” ?” by H. A Binetein a1 and > 
Ning | Chien, Transactions, Am. Geophysical Union, 1953, pp. 876-882. _ 


“River-Bed Scour Floods,” E. W. Lane ond WwW. Borland, Transactions, ASCE, Vol. 
119, pp. 1069-1089. > 


‘a me a Fig. 14. It may even have followed one type of curve at a certain range of 
= stages and another type of curve at other stages. Among those various possi- 
ms be __ bilities, in one extreme is curve A, which is also sometimes possible in natural = 
streams, as shown by Fig. 12. In another extreme is curve D, which occurs 
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The data indicate that, - the same | slope _ lore a typical flow of 12, 000 a ft Ps 
per sec, the depth jumped from approximately 5 ft to 9 ft, the velocity decreased 
= from approximately 5 ft per sec to 3 ft per sec, and the Manning n increased 
pi a from 0.013 to 0.030, due to the reduction of incoming sediment load. The per- _ 
- tinent point in interpreting the data revolves around the question of whether ir - 


‘ diately after the closure of a dam, the clear water released by the dam il erode 
_ the downstream channel, causing a rapid degradation immediately below the _ a 
dam.” The sediment removed from the bed by clear water consists, to a large _ 4 
extent, of fine particles, causing the bed material to become gradually coarser. = 
_ As the bed degrades, gravel strata or clay lenses which were covered before _ 
bosoms exposed to the flow. These two types of material | may actually prevent a 
"excessive degradation.  * detailed 1 mapping of the bed material of the Missouri >. 
River downstream from Fort Peck Dam in Montana" indicates the exposure of 
- gravel lenses and ¢ clay strata which are scattered a along the channel. How- Bs 
ever, at the places where the underlying layers are not exposed, the change of a 
_ the bed-material size may remain small. Measurements made in the Colorado Pa 
a ‘River® also indicate that the bed-material size increased from 0.175 mm to - 7 
33 mm at a distance of 12.8 miles below Hoover Dam, and from 0.18 mm to 7.0 
mm at a distance 17.4 miles below Parker Dam. Both changes took place ina — 
period of thirteen years. The ) measuring section at Yuma is located 15.8 miles 7 
oo downstream of Imperial Dam. Between January, 1940, and September, 1951, 
_ the total volume of bed material removed between Imperial Dam and mile 15.6 i: 
_ is estimated to be 60,000,000 cu yd. One should expect that with the degrada- . 
tion of the channel bed a coarsening of bed material in the downstream channel — > 
took place, even if Imperial Dam is of much smaller capacity than Hoover a ~ 
or Parker Dam. A survey of the bed-material samples taken at Yuma” indi- 
cates that the size varies from year to year in a rather unsystematic manner. 
The following extreme values were selected from the data: cane IOS! 


0.125 m 125 mm in March 24, 1940 
" 0.140 mm in November | 8, 
0.320 mm in January 12, 1946 ane 
0.390 mm in A ril 13, 1947 ria 
and ae computations? have been made for two cases, taking the repre- 
‘sentative bed-material size as 0.14 mm and 0.35 mm, respectively. Table 
Lary the result of the computations. _ The agreement between the measured 
4 and the computed values is excellent. — ly It is 1 rather | surprising that a = 
change i in bed-material size results in such a significant ‘change i in 


ae _ 8“ Re rogression on the Lower Colorado River After 1935," by J. W. Stanley, Transactions, ASCE, 


Le n Pein Observations of wel River Downstream from Fort ep Dam,” Fort Peck Dist., 


**River Control Work and Investi ons, Lower Colorado River Basin, ” Calendar Years 1950 and es) 
“1951, Office of River Control, Bureau of of the Interior, Washington, D. C., 1952. 
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4 EINSTEIN-CHIEN 


- The soundings in the Missouri River near Omaha, Nebr., as cited by the 
author, revealed that the channel bed is deeper and rougher at one side and 
shallower and smoother at the other. From June to when the 


chanical analysis of which indicated that the average bed-material eine is 0. 15 
mm in the flat area and 0.24 mm in the rough area. The erratic behavior of 

> TABLE 3.—Cuance Recimen or Cotorapo River | AT 
Yuma Arrer THE CLosure or Dam 


ng da (ft) U U (tt per sec) | Manning n 


(eu ft (ft 


72; 000 1.27 0.14 J 5.20 | 0.0139 | 0.0125 
1.50 0.35 8.36 8.70 37 3.10 | 0.0306 | 0.0310 


the Missouri River bed « can at least qualitatively, by the difference 

a in the material which composes that part of the bed. he Derry 
a 1d Knowing that the behaviors of natural streams can 7" fully explained by the it 
conventional methods without resorting to any drastic new interpretations, as — 


ae proposed by the author, one must ask why the observations made by the author i. 


= 


Width] Length} D 
0.16 1.075 | 0.003 to | 0.15 to 
0.875 ‘ 40 
WY 
vit 


S. = sorting coefficie Du/Ds = unity for a uniform material. 


in his flume have never before been revealed. _ The writers, after reading the © 


voluminous thesis, are very much by his carefulness and 


ais to find an cat rebes of the results, a survey of available data on ad 
4 flume studies was made and showed that there exist at least two other sets of 
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2 one was conducted by the senior writer in 1944-1946 at the California Institute 


ON SAND BEDS 


iz ‘of Technology, at Pasadena, and a more recent one was published Uy ile a 

and Pin-Nam Lin® at Colorado State University. The range of the main 

zs _ variables used in these studies is listed in Table 4. . The data are analyzed a 

again in terms of the bar resistance, U/u,”, and the flow intensity, y’, and are 
yi plotted in Fig. 15. Most interesting is the fact that the results of each flume 7 

os study are consistent in themselves and yet deviate from the river curve and 
_ from the other curves. _ In both the experiments of Brooks and Barton and Lin © Fs 
La the sand bars s disap ppear sooner than those in nature. y However , this happens 


at different flow intensities for the different series. Proceedingfromlowtohigh 


a 
investigator ‘Symbol D(mm) 
Einstein = = = x -0.12_1.19-1.22 


“Value of U/ul' 
— 
= 


neturel 


iat 


Fra 15. —Sanv-Bar ResisTaNce IN Fiumes CoMPARED THAT Natura, 


flows, the ‘beginning: of from the river curve follows the 
art 
Barton and Li in. D= 0. 18 mm Ss. 
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“The ‘results | obtained, by the 
or less along the river alae even at comparatively s small values of vy’ and have 
bar resistance in these must in one way or another the Aiffetenca 
_ in conditions employed in these experiments. . As far as the writers are able to 
4g ascertain (Table 4), the only significant parameter ‘seems to be the sorting g 
coefficient of the bed material. Up to a sorting coefficient of 1.2, the more 
uniform the bed material is, the less persistent are the sand bars. a con-— 
clusion is not altogether unexpected. Local segregation of bed m 
place if the is 16 is a sketch of such a bar. the crest 
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idy of the Sediment Transport in Alluvial Channels, by James Darton and rin-Nam Lin, — | 
6IRB2, Colorado State Univ., Fort Collins, Colo, 1955 = 


BINSTEIN-CHIEN ON SAND BEDS 
of a wand: bar where the wleditend is higher, the material is — fer: ; the 
; coarsest material is found at the trough. — The changes i in velocity and grain Ry 


ie bed than in the case of uniform. bed material. _ nf Under such circumstances the 
sand bars are naturally more stable for mixtures with ante anting seniiicionte, 


or THE Bep Marertat Is Larce REsvuLTs WITH THE WRITERS’ 


e 
studies with absolutely uniform material and by observing the behavior of —c 


Fre. 16.—Sxercn oF THE Bep SEGREGATION IF TH 17.—ComPantson oF BRooxs’ 


4 5 5.—SorTING CoEFFICIENTS Bep | his 


For VARIOUS STREAMS study to apply to nat- 


‘Stream coefficient sorting _ coefficient, S., 


Brandywine Creek Creek | Georgia, Pa. 02 = of the bed material is 
g 
q 


Waar River Holland 2.48 
Ford, Pa. usually” larger 

Denver, Colo. 1.7 than that the 

thor’s ; material, as 


r Danube 34 Gyor, 
ountain Creek Greenville, S. 
shown it in Table 5. 


‘Salinas River ‘San Lucas, alii. 
Colorado River | Yuma, 
Rio Grande River Bernardo, N 
Rio Grande River Bernalillo, N. Mex. 
-Barbre Landing-Krotz Springs 
Dunning, 


ang Notus, Idah 

Rio Grande River oe Acacia, N. Mex. na “ 

Missouri River Fort Randsll 

‘Bear River ‘Western Bridge, Utah 
Brenton Bridge, Utah 


Baton Rouge, La. 
Simmesport-Melville 


Brandywine Creek 
Cherry Creek 


In conclusion, the 
writers wish to present 
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iy 
the relationship of 
andy, derived from the 
author's experiments as as 
compared with the the- 
curve proposed 
by the senior writer? 
Fig. 17). Ih spite of 


> 


3 _ #2 miles upstream from Lake of Constance. * 300 miles upstream iy. ” the. channel ‘roughness 


quite satisfactory except for the results of three ru runs. _ This again indicates that — 


part of the conducted for the Corps Engineers, 
River Division, at Omsha, under contract with the University of ‘California. 
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seem to contradict well-established theories of sediment hydraulics. 
cw Several of the runs gave higher mean velocities | OF higher sediment trans- — 
port for lower boundary shears, and from these runs the author concluded 
that it is impossible to take the » shear or the slope as independent variables. 
hat these. runs may y actually show is the known fact that there is a 
r - sediment in transport, the rate of energy dissipation does not depend only 
on the rate of flow, water section, ‘and sediment size, but also on the rate o < 
sediment 1 motion and the mode of bed formation, both of which are, in turn, 
dependent on the hydraulic conditions and sediment. characteristics. 
Legend 
@ Sand No. 


mes 


Meanders 


0.0001 0.0004 0.0006 0. 0.002 0.003 

7 


oleg 1. The total weight of sand used in the flume 
tremely small, giving a depth of sediment on the flume bottom of Approx- 
a imately $ in. The author mentions the possibility of that being the reason si 
¥ that fully developed dunes did not change appreciably in height. This could 
mean that for some runs, due to the shortage of sand, the friction was forced — 
os be less than what w ould naturally’ occur if the sand were 2 in. or 3 in. 
deep. Ten of me twenty-two runs given in the one are reported to have | 


about the validity’ of deriving any as the relation of dis- 


bares to depth and slope because i friction was more or less restricted. a 


- “of the total weight of sand in the eo The sand particles in the bed were 

i. of uniform size but had a certain gradation, as shown in Fig. 3. The 

- particles that were picked up by the flow, particularly after dunes had formed, 

_ were certainly the smallest in size and, ‘therefore, should not have been rep 


ay" Hydr. Engr., Hydr. Lab., Bureau of Reclamation, U. 8. Dept. of the Interior, Denver, Colo. | ak 
Associate Director of Works, Hydr. Research Station, Delta Barrage, Egypt. 
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_ tol 
resented by mean sedimentation s size of the bed. "Determining ‘the if 
=a acteristics of the sediment in motion in each run by saslysing the dry sand a i 
_ from the samples that were taken for determining concentration would probe 
4 


ably show an increase in mean size with an increase in sediment load. ein 


ha However, the author’s data should still show some trend if. plotted non- 
- dimensionally (except fc for the runs in which friction may | have been restricted | 
by the exposure of a part rt of the flume bottom) because all of the variables. 


teristics of both the sediment i in motion and i in the bed should be interdependent. 

be G/60 y Q is plotted a against slope (Fig. 18) different functions for differ- 
_ ent sand beds would be expected; however, the data have a wide scatter. 
The s symbol, y, is the unit weight of water, 62.4 lb per cu ft. If a sample of 

the sediment in motion were analyz ed in every run, each run 1 would have cer * 


‘tainly yielded a different mean size, always lower than the mean sedimentation 
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"size, because the amount of sediment in motion is relatively very small and 
"would necessarily be finer than the average bed material. The data plotted 4 ve 
in Figs. 18 and 19 would probably fit a group of lines for different sediment i 
Lae if the actual size of the sediment in motion were known in each case. - 
In Fig. 19, (r, S)/D is plotted against G/60 y Q, both being nondimen- 
3 sional ratios. All the runs giving dunes follow a certain function, whereas 
those. giving a smooth bed follow another function, with the runs having 
“meanders” appearing in both functions. It follows that for the same 
hydraulic conditions as given by rs, S, and Q two different ratios of sediment _ 
_ to water discharge might have been produced, one with a smooth bed and the 
— other with a dune formation. However it is doubtful that this could have 
actually resulted if every run was carried to . notiimens equilibrium condition — 
under a uniform flow of water. 9 ona qu badaiqg det xo! 
If a run was started with a small depth of flow and then the depth was 


 pedealiy increased, dunes which form at small depths might not have vad 
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enough time to be removed. Also, if a run was started with. a large depth of -, ¥ 

“water and a smooth bed and then the depth was gradually decreased, dunes " i 

might not have shad | enough time to Nonuniformity of the flow 
f sediment discharges 
Le —or any of these factors combined— —would ae produce errors that 
4 might have seriously affected the results, especially in such a narrow fi flume a 

and within such a small range of slope and depth variation. aes vs aoe 7 


“J ing observations and has drawn certain conclusions which, if proved to be true, 
are very important contributions to the study of sediment transport. 
; & _ The method of determining the depth of flow used by the author is question- _ 
q able although no better method i is known. _ The true, effective depth of flow is - 
not known because of the excessive dune movement which affects the velocity 
_ distribution and the channel roughness. Whether Brooks let the suspended 
“material deposit or let the flow wash the bed when he stopped the flow was an 7 
/ . mentioned. . Its seems that either one of these two possibilities must have 
Py 4 occurred because the flow was stopped. _ Consequently, the measured depth ae : 
?: could not accurately represent the true depth of flow. _ A high concentration a 
of suspended load would result in heavy deposition, thereby reducing the depth _ 
of flow more than a low concentration of suspended load would. — SA peal 


a ‘The author limited the depth of flow to a maximum of 0.3 ft because of the b 7 7 


- narrow f flume. ‘Such a small depth, in comparison with the large height of the 
: sand dunes (for example, 0.3 ft is the flow depth and 0.12 ft is the height of 
4 sand dunes), makes one wonder if the average depth, as determined by the 7 
_ author, had any significance. In a flume 40 ft long by 10 in. wide, 145 lb of 
seems to be inadequate. Because it was ‘possible for the maximum 
-. _ height to reach 1.5 in., the }-in. sand layer could be entirely removed in some ~ 
places, leaving the hottom uncovered. ‘How much this could affect the me- 
chanics of sediment transport, caused by the change of boundary conditions in — “M 
e such a case, is uncertain, and therefore the question arises as to the — 


of applying some of the author’s conclusions to other investigators’ data. Btn 
: nts As no bed-load sample was taken, it is doubtful that “* * * the layer of sand 7 
= _ covering the bottom of the flume contained practically all the sand in the 
system,” as stated by the author under the heading, ‘‘Apparatus and Procedure: | 
Tilting Flume.’”’ The composition of bed material may also affect the 
-mechanism of sediment transportation. Gorell ci t liall 
ong -- When the flow is in equilibrium, the depth of flow and the pattern and dis- = a 
A tribution of sand on the bed remain constant, and the energy gradient stays 


4 constant and equal t to the water- surface slope and bed-surface ee slope. ai ‘The 


_ in which 7, is the shear along the bed, 7 is the specific weight of the fluid, r,isthe — 


€ “hydraulic radius of the bed, and S is the slope of the bed, is true only | for steady, 7. 
uniform flow conditions. “Fig. 2 indicates that the flow was not uniform and 
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that the did not have a constant slope. same ‘average depth of 
4 flow in a reach, a converging flow acts differently from a diverging flow, neither 
which can be 2 represented by Eq. 5. | 4 

According to the writer’s experience, if discharge and sediment load are 
4 used as independent variables in two-dimensional flow, and depth, slope, and _ ; 


bed Toughness: as variables, the following relationships exist for 


¢1, $2, and ¢3 indicate fenctions. Eqs. 6, 7, and 8 are related 


f the use of th the continuity equation and | open- arn cl flow formula, enh 


— 


only of the three equations to be 
a In the case of the natural river the independent variables are q and as 
instead of q and Ge because the bed slope i is usually ‘approximately constant. 
‘As the river discharge changes, the flow channel and bed- 
load also change; is, 


= 


iJ 


If 10b ca can be Eq. 10a can bs Eq. 9, is 
‘Consequently, for an alluvial stream there are primarily two difficult oe 


_ to be solved—namely, Eq. 10, the law of channel ‘roughness, and Eq. 10c 
the law of sediment transport. ul hotest sucker: 
Riket stated under the heading, ‘ ‘Apparatus and Procedure: Establishing — 4 
Uniform Flow in Equilibrium ; Reproducibility,” ‘Brooks found that * * for 
7 some depth-slope ‘combinations there are two, or ‘maybe even 1 more, different 
s equilibrium discharges and sediment loads.” Under the heading, “Con- 
ta clusions,” in paragraph 4b, it was stated that “for a given slope and discharge, i; 
it was found that two depths of flow were possible.’ ’ In his examination . 3 
‘f results, the author stated that it is impossible to take slope as an independent — 
1 variable. However, it is generally known that the slope is an independent _ 
variable in most natural alluvial streams because as the flow discharge on 
_ the flow depth changes more readily than the slope does. ~ According to the 
author’ s statement, “for a Slope and it was found that 
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charge (known asa rating curve) for 


_ single-valued curve, or such a curve may not even be cm The ll 
conclusion based on the author’s findings is, as a rule, contrary to engineering ee 
i experience. Further research of using the slope as an independent a 
" is therefore needed. It is suggested that the study be conducted in a complete ta : 
recirculatory flume system. The slope of the water surface should be main- 
J tained at a constant value, and a series of tests should be made by vary varying 
- _ the discharge and measuring the corresponding normal depth and the corres- 
_ ponding total sediment. A rating curve covering a wide e range o of discharge _ 
- against the normal depth and a sediment rating curve covering a wide range — 
of discharge and sediment load can be helpful in understanding this problem. _ 
~ _ Brooks’ procedure of using d and S as independent variables to find the ui 
Q-value seems to be ‘inadvisable to the writer. Although 
it is not impossible, it is very time consuming. For example, when the flow has 7 
a rigid boundary, it is easier to determine the normal depth of flow by letting 7) 
a certain discharge p pass s through a flume having a co a constant, uniform: slope than 
it is to find the corresponding discharge for any predetermined normal depth ~ a 
7 SS slope. Tt It i is even more difficult and time consuming to adjust the the flume > 


eg = or d and q, can be used as independent variables to find the third one. For aS 
the s same reason, the inadvisability of choosing: dand Sas as independent variables 
. to find discharge prevails for flow over an alluvial bed. This might explain ro 

_ why for given values of d and S, the author found that there were two | or more 

His finding in this case is in contradiction to his statement (in conclusion a a 
under the heading, ‘Analysis of Experimental Results: Depth and Velocity 
As Independent Variables”) that ‘“* * * f,and C are uniquely determined by U 
! ied andd * * *,” which means that the s slope i is also uniquely determined by U and © a : 
d by using Eq. 9. The question then arises as to how Brooks could obtain two 7 
“different equilibrium discharges by maintaining the same slope and depth & 
because the slope is self-adjustable to . the discharge and depth of flow. The 7 te 
writer is concerned about whether Brooks waited long e1 enough for true equi- 1 
- librium conditions to be reached especially because it was difficult to oe 
va _ The author explained that it is possible > to have t two (or even more) different } 
~ equilibrium discharges and sediment loads because of variations in the channel 
‘Toughness: caused by dunes. Such an explanation i is doubtful because sand 
dunes do not constitute an » independent variable. “Although the determination 
oft their characteristics and channel roughness is still far from m satisfactory, they = 
must depend uniquely on flow conditions. For a given 1 flow condition, if it is 7 
~ assumed that there exists a unique value of channel ee it is impossible _ 


o have more than one equilibrium discharge. 
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- might have been caused by the particular experimental setup used. It 7 
- noticeable that run 3 and run 9 did not have the same water surface condition, — 
which may have affected the flow condition for a flow having a depth of 0.245 — 
fe ~ More data from other independent tests are needed to verify the author’ 5 
conclusions before they can be accepted. = 
a The use of field data to verify laboratory conclusions needs careful examina- 
tion because, i in general, the conditions are quite different. The sediment in a 
natural stream is seldom uniform in size distribution, and consequently oe 
sorting mechanism might be important. the degradation rate slows down 
7 below a dam as the y years pass is caused in part by the increase in bed- material | 


JR Depth and ‘velocity were favored by: the eather to be used as independent 
i variables instead of depth and slope, yet in some cases the author could not ‘ 
vary these two independent variables (in conclusion f under the heading, — 
“Analysis of Experimental Results: Depth and Velocity As Independent Vari- 


es”). This proves that independent variables are chosen with a view to 
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4 facilitating the experimentation, and not because the variables are in them- 
‘From the writer's experiments on Ottawa sand” (between U. Standard 
J sieves No. 20 and No. 30 )bed-load movement is usually in the form of sand we 
_ motion because ripples or sand dunes appeared on the bed shortly after the be- 
4 ginning of the bed-load movement. author's statement (under the head- 
ing, “Experimental Results”) that “* several layers of sand grains 
J almost always sliding along the bed” is therefore doubtful. In conclusion 4d by 
the author stated: “For a given value of Q, the largest bed friction factors 
associated with | the lowest values of G.” statement is valid only 
~ after the formation of dunes. Before sand dunes appear, the sediment trans- 
port rate is extremely small, the bed is plane, and the bed roughness can “a 
expressed by Manning’ sn, which is proportional to . The corresponding 
value of f. is usually smaller than it is after the formation of sand ‘dunes. ae 
Therefore, at this stage it is not true that the largest fo-values are associated — 
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; velocity (U) in Fig. 20. Data’ of Dso = 0.10 mm indicate a 

- between dune velocity and mean flow velocity that is similar to the writer's 
o experiments. 7 The writer ’s data result in c = 0.0008 us for Dso = 0. 69 
the author’s data result in c = =0. .000367 U* for Do = 0.10 mm; and an 
= equation can be written for Dso = 0.16 mm as c = 0.0006 U*. 


he In conclusion, the writer wishes to mention that the author 


8 
4 2, 4b, and 4d seem to be doubtful. 4 


 Prn-Nam Lix**.—The principal issue raised in the | paper is w 
is ‘only one equilibrium rate of flow and sediment transportation rate corre- 3 
os pending to each combination of bed hydraulic radius and slope. — 
7 ment should be read with the understanding that, among other factors, a 
given temperature, channel, and sediment are implied; otherwise the state- 
will be trivial. On the basis of Fig. 5, the author concluded that mor 
than one equilibrium condition may exist for given values of depth and slope. gS Sos 
He specifically cited run 3 and run 9 to support his contention. However, | row 
ae Table 6, prepared from the author’s data, shows that runs 3 and 9 were made tea 
TABLE 6.—Anatyars 0 oF 


water temperature (by interpolation);: might be as low as 0.0023, and 
one would have been tempted to dismiss Brooks’ argument. Inspection 
of Table | 5, , however, shows that, when corrected for temperature, run 3 could © 
es have practically the same values of dand Sasrun8. From Fig. 5 it is difficult | 
to determine w whether there are any other uns similar to runs 3 and 8, except = 
possibly 21 (U= 2.10 and © = 4.85) an nd run 27 (U = 0.99 and 
a € = 1.35) . Therefore, it. appears that not more than four runs plainly sup- rt we 
“port the author’ 8 contention. Of these four runs, run 8 and run 27 were for 2 


the case of dunes on the bed, and run 8 involves Sadoing” | bed which is 


oh better 


procedure to : arrive at any 
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qualitative—on the basis of a few runs. 
conelusion would be to search for a method by which the data may be 
| sented to indicate general trends. Such trends, if existing, would th . oo 
as = representative of the entire group of data. Any conclusion drawn on the 2 — 
3 La of these general trends of behavior would be more significant than that d : a 
Dept. of Concrete and Hydraulics, Corbett, Tinghir & Co., New 


on the of : a runs. of the effect of density gradient on 
_ vertical mixing have led the writer aicinaienes use of the following family of of dimen- 


in in which C, is the sediment concentration at a t a chosen point. _ The detai 
reasoning leading to the formulation of such parameters has been given ina 
ae report by Barton and the writer.* When the slopes of the author’s data Fe 
presented in Fig. 5 are plotted : wC/UF > (Fig. 21), 
Pa. 4; r _ As shown in Fig. 21, the data for each size of sand may be sila vile 
two curves that have a a tendency | to converge or intersect, as evidenced by ¥ | 
2 the data for 0.16-mm sand. — Thus, it a appears that for each size of sand there 
exists a critical value of W C/U F? or 8, above wih te data for each sand are o4 4 


0. lmm 


Dunes * Dunes 


| 
0.1x10-> 


n » and p are the dynamic viscosity and density of water, respective 
and g is the acceleration. From Eq. 11 and Eq. 12, 


= f(U, g, w) 


‘According to Fig. 21, 
ze is unique only for a given material and a given si of bed configuration. — 
r Ben nh in the range of the author's data, f; is not unique, no matter which six of — 
the pertinent chosen as independent. In other words, for the 
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the case of a bed covered w, To be more speci 


‘This is so because a horizontal or vertical line drawn in of branching 


curves may have two intersections with the curves for the same size of = 


a ment. — Thus, in this region of branching curves, the author’s conclusion 1, 
4 with due modification to take other essential variables: into 0 account, is sup- 
a t ported by the author’s own data. Conclusion 3 is not compatible with his data. _ A. 
Another important point ma: made by the author is that the transportation 
rate could not be expressed as a unique function of the bed shear stress, the | 
channel geometry, and properties of sands. A similar finding was published 
d by E. Meyer-Peter and R. Miiller** in 1948. 8. They f found that an experimental 7 
formula, relating the rate of sediment transport and the « shearing stress for 
the case of a flat bed, always predicted too high a rate of transport when | 
applied to a bed covered with dunes. Although the study was primarily 
_ intended for the so-called bed-load transport, » the fundamental mechanism, 
a8 far as the rate of sediment transport is concerned, should be comparable. =~ 
< iB enihs practical point of view the problem of uniqueness here is perhaps not " 
_ 80 important as the problem of existence of any function for the bed-material 
load discharge expressed in terms of bed shear stress and other pertinent 
variables. study by and Miller of bed- load _ transport 


Colorado State University® for 0.18-mm sand show a definite functicnal rela~- 
carr carrying» heavy suspended load (7. is the bed shear - stress). With the aid 


of Brooks’ data, it now appears that two relationships between C and U /: V ro/p 


_ According to Fig. 21, the author’s data indicate that for each size of sedi J 


‘ment and each type of bed configuration, | 


Ina study by Barton and the avian it is shown that, for each type of bed 


An interesting deduction then is 


- "A Study of the Sediment Transport in Alluvial Channels,” by J. R. Barton and P. N. Lin, Dept. 


of Civ. Eng., Colorado State Univ., Fort eee Colo., 1955, Fig. i 
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of these simplifying expressions may prove worth while. 
= Acknowledgment. —In the course of discussion, an error in the sitet ver-— 
sion of Fig. 21 was noted by the author. As a result, the > figure and parts of 
4 the discussion as originally submitted have been modified. = |; 
165 


Norman H. “ J.M. ASCE. _—The writer certainly weldomes ‘the 
4 vigorous discussion that has been presented. - The critical nature of the dis- 
cussions has demonstrated that his findings and ideas are not generally recog- 
nized and accepted by various engineers. 
ont In presenting this material the writer realized that ha i of the ¢ experi- 


‘ae investigation was far too limited to derive general quantitative relation- :, . 


ships: between the various characteristics of alluvial streams that ‘carry an 


appreciable | quantity of bed material in suspension. The data were presented a 


_ in as simple a form as possible, and no numerical or dimensional analysis was _ 


i. attempted. In fact, it was felt that it would be helpful for the profession to | ' 


examine the basic data in order to determine some of the general interr rrelation- 


ships. Before dimensional analysis can be successfully applied to any problem, | 4 


3 one should know which variables are pertinent and which functional a 5 


_ ships it would be most worth while to seek, 
a ‘fas The writer does not claim to have discovered that dunes affect: channel 
- roughness ; this fact has been known for a long time. However, the writer dis- 9 
A agrees with the generally accepted assumption that the total roughness can be 
x4 uniquely determined from the grain-size distribution of the bed material, the 
‘water cross section, and the slope (or the bed shear). _ For example, even though 
Einstein and Barbarossa” separate the bed shear into two parts—one for the 
a actual grain roughness and the other for the roughness of the dunes or r bars—_ 
4 they still imply that the friction factor and discharge can be determined 
. Several of the discussers seemed to have misinterpreted the meaning of — 
uniqueness or single-valuedness of a functional relationship. As an example, 


if 2 = sin~ ly, y, the value of x is not uniquely determined by the value of y. 
d Similarly, the observation that the slope is a unique function of the depth and 
the velocity (or discharge) does not mean that velocity must, therefore, be a 


— function of the depth a and the slope. _ _ As in the example described, 
a several combinations of depth and velocity may yield identical values of iy 


have caatiedlion which are unique so that one will not be troubled with a 
S multiplicity of solutions. _ Therefore, it is suggested that one should avoid 
_ thinking of depth and slope ¢ as independent variables because of the e possible 

multiple-valued nature of the relationships which result. = 


Asst. Prof. of Civ. Eng., California Inst. a Teshaclegy, Pasadena, Calif. 


- consider the simple relationship, y = sin z. a Certainly yisa unique function * 
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iv ss Phe writer regards Eq. 17 as indicating a very interesting property of the = na 
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BROOKS ON SAND BEDS 
‘The wiiitnbibid of this closing discussion is similar to that of the original — 
a per. . Questions regarding the apparatus and procedure will be answered — 
first and some pertinent new data will be presented. _ The main part of this 


discussion will be concerned with the discussers’ interpretations of the labora- 


4 
and Procedure. —Blench and Carlson and Mostafa doubted ‘that 
true equilibrium (for a run) had been established in the flume when the data a. 
were taken. During the runs a check of the stability was made by determining 
the water-surface profiles frequently. a After the initial period required to reach a 
equilibrium—which | sometimes was as short as one-half hour—the water 
surface elevations never changed significantly. _ Furthermore, complete water — 
c surface profiles and bed surface profiles taken after running for different lengths 7 
time showed identical results. This, then, would rule out the possibility 
_ suggested by Blench that ‘* * * the same conditions, applied for the same time, mt 
_ produce the the same degree | of f disequilibrium.’ Res Equilibrium f for both the he water a 
and sediment discharge was achieved for each run, with the possible exceptions — 
ie runs 12 and 24, for which there were long, flat sand waves, and both flat and — 
dune-covered sections occurred simultaneously in the flume. 
ep Carlson and Mostafa also - questioned the regulation of ‘the depth of flow | 
during the establishment ofa run. As all the experiments 1 were performed in 
_ @ closed-circuit flume (Fig. 1), the average depth was governed solely by the _ 
_ 4 quantity of water put into the sy rstem. Thus, from the very beginning of a run, pt 
- the depth was necessarily maintained at a correct average value, although there 7 
was a possibility for a slight, transient nonuniformity. 


cia run 27. By inspection it is found that the maximum variation of the —. 7 

i, is 0.003 ft, with an average value of 0.231 ft. In the bed elevation, the 

deviations are from +0. 003 ft to — 0.002 ft (after leveling in 4-ft Teaches), 

: z= the fluctuations in the water surface ‘readings are even less. These varia- 

4 _ tions are exceedingly small for flume experiments, and the large number of — 
4 water surface 1 readings taken for ea each run ‘should guarantee that the assure = 

no larger. urthermore, considering that the ‘slope s in Eq. 5 should 

properly be the slope of the energy grade line, instead of the bed slope as = 


Bis by Liu, iti is § apparent the slight variations in bed and water 


ih regard to: a a further question by Liu concerning the genuine. for r stopping 7 


_ the flume, it may be stated that the pump was stopped abruptly. | ‘At this 


instant a large wave was formed at the downstream end, which reled 
stream to the inlet. The passage of this large wave displaced only a relatively — 


_ few grains of sand off the dune crests and into the troughs. Hence, the effect _ 


of the disturbance due to the stopping of the fi flow i is considered to be nil as far i 


ae mean depth of the sand bed is concerned. — It ‘should be remembered 


_ that the system was closed so that there was no drainage of water off the bed 


at the time that run n was stopped. B20 


the flow was stopped, the in suspension settled to the bed, 4 
. hereby necessitating a correction in the total depth, as pointed out by Liu. 
fg: depth of games of the suspended sediment was computed and f = found to = 
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rig Depth, “Fadius, | Slope, velocity, velocity, 


cu ft 


‘ 
(ft per sec)| (ft per sec)} 
Mera. bie bee 


0.156 0.0021 | 0.103 2 0.020 
0.269 0.158 | 0.0027 0.116 4 
| on 24 0.0021 | 0.103 i 


0.0025 | 

0.00225 | 0.104 | 
0.00275 | 0117 | 1.41 
0.00275 pie. 
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0.241 | 
0.241 | 0. 0.0039 | 0.022 


be Jess than 0.001 ft in all but two or aaa for which corrections of 0.001. 


¢ pike The writer concurs with Carlson and Mostafa and Liu in the opinion that 
it would have been advisable to use more sand in the flume. ‘Under some > eo 
conditions small bare spots did appear on the bottom. _ However, had there © 
been more sand in the flume, the roughness for some of the runs with dunes: : 
might have been even higher, tending thereby | to enforce the writer's con- 
 ¢lusions rather than to weaken them. In subsequent experiments more sand a 
has been | used, yet these experiments lead to the same general conclusions, — oO. 
~ Barton has raised a valid criticism of the writer's use of the term “smooth. h” 
4 ‘Because smooth already has a special meaning in hydrodynamics, the use of 
; “plane” or “flat” would have been better to describe the condition of the bed 
in the absence of dunes . The writer prefers the term “flat” because it does 
not imply the preciseness of ‘ ‘plane”’ and i dis already commonly used in describing 


natural topography of a large | scale. 


New Experimental Results. —The » experimental — in the paper 


were performed during 1953-1954. Since then, further 
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Data for run H-3 apply only to the flow over the flat section of the sand wave, which covered major 
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Tesults of this research are presented in ‘lables 7 and 8. 
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Sand wave? 
Sand wave? 


OS 
* 


part of flume. * Data for runs H-7, 6, and 7 are composites for flat and dune-covered sections together. my ore) } « 


The of the original been expanded i in essentially two 


ways by (1) using sands with a wider gradation of grain sizes and (2) making — 
2 experiments in a wider and longer flume. The distribution of sieve 


sizes for the three new sands used, designated Nos. 3, 4, and 5, respectively, = 
shown in Fig. 22. The characteristics of the size distribution of all five sands 
are summarized in ‘Table Although the mean sieve diameters 


deviations are considerably larger. of the mean sedi- 
mentation diameter are presented in Table 9 only for sand Nos. 1 and 2 for a _ 
y which o, was small. *F or the other sands the spread in the > grain sizes is sO 


large that a mean sedimentation diameter has little meaning, = | vu 
—S§ Sand Nos. 3 and 4 were obtained from a foundry supply company and 
were not further processed except for washing. Sand No. 5 was a synthetic — 
preparation designed to give a logarithmically normal size distribution with | 
a D= = 0. 15 mm and ¢ = = 1.8. Under microscopic analysis, sand No. 4 was 
7 found to contain more than 99% quartz grains of subrounded shape. The The 


4 other sands are believed to have been similar in composition. 


_ Because the apparatus and procedure used in the ‘more recent experiments 
_ practically identical with those previously used, only the changes will be 
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@ Dune section in runs with a sand wave. °F 


ie Nomicos in the 10.5-in. flume. © ‘Prior to his work, a new venturi meter with fe 
3-in. throat was installed just up: upstream of the transparent tube (Fig. 1). 


he to prevent any possibility of sand storage in the > sampler. 
procedure followed by Nomicos i in making his experiments was 
tically identical to that followed by the writer. At least 300 Ib of sand were = 
used, or enough to cover the bed to a depth of approximately 1 in.—which 
was twice as deep as in the writer 's experiments. In presenting his results in 
those cases where a long, flat sand wave appeared, Nomicos did not report 


Pg - separate data for both the rough : and the smooth section but gave only compo- ? 
site averages for the entire flume (except for run H-3, as noted in Table 7). _ a 
The runs listed in Table 8 were performed by Vanoni and the writer ina _ 
flume, 33. 5 i in. n. wide and 60 ft long. ‘Hy it is the flume that 
ended sediment, but | 


ope. § 


facilitated making of the ty pe presented because 
4 slope can be easily adjusted even with the water flowing, 


‘The procedure used i = the larger flume was again practicall the same as that 
y 
 ~p reviously reported on on. One importan nt difference was that there was no tem- 
perature control. Even though the variation of temperature during each run 


was slight, owing to the large volume of water in the sy stem, the run tempera- 


4 TABLE 8.—Summany or Exrermments By Vanonr | anv E 
— radius, | Ye 
anp No. 4, Dp =0.137 mm, og =1.388; 
— 
— 
— 
0528 | 0383 | 0.00070] 0.092 | 0.063 
— 0.553 | 0.396 | 0.00102 | 1.72 | 0.038 | 207 0.13 
— 
— 
— 
— 
— = 
structurally it has been rebuilt to facilitate the adjustm 
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BROOKS ON SAND BEDS 


sediment charge con- ment dis- rin 
discharge | centration, C charge, G condition 


BBs ranged from 16. 5°C to 27. AC. The flume was charged with 2,500 lb of rn 
sand No. 4 which was enough | to cover the entire bed to a depth of 0.15 ft or r 
nearly 2in. With this depth of sand there was no difficulty with bare spots on 
the bec bed except in extraordinary cases, such as in front of a » large sand bar ¢ or - 
sand wave. , As with the 10.5-in. flume, the sediment samples were withdray 

from the vertical section of pipe a few feet above the pump. Three different 
samplers were used having two, three, or four sampling tips connected toa 


/ manifold, the choice of samplers used depending on the total rate f flow. 7 eee 


Puppy 


standard deviation ,) for the composite of the sediment 
samples for each run. . As before, the size distributions were determined by 2 
sieve analysis. The value of D, was practically identical to the median 
- diameter (Do) because the sand sizes were very nearly logarithmically normally 
7 distributed. | In | CASES where there is a slight difference between the two quanti- — % 
_ ties, D, has been determined by the method suggested by George H. Otto. ae 
; a The terminology used in Tables 7 and 8 to describe ‘the bed condition is 
the same as used previously except that the word “flat” is used in place of 
- “smooth,” in line with Barton's suggestion. The term ‘ ‘sand wave” is used for y 
the condition (described. under the heading, “Experimental Results’) in which 


; 4 AND Brooks IN THE 33.5-In. Fuume (1956) 
a 
‘Darra Rawan: 0.203 
B. | Dunes 
Dunes 
Dunes 
Flate 
if 
Dunes — 
i 
— 
— 
<a 
except that the column entitled “Water surface condition” has been replaced a 
— 
i — 
= 


7 


‘the sand spreads itself nonuniformly i in the flume, creating a thick flat section 
in one part and a thinner dune s section in the eother. Barton has used the term 


“sand bar’ to describe the same phenomenon n observed in his flume studies. 


A typical front of a sand wave is shown f for run 2-17 in Fig. 23. In the direction — 


» 


0.054 0.104 = 0.147, 0.208 0.295 
bale awe Fic. 22.—SigVE ANALYSES OF 


of flow this i is the point of transition from flat bed (small depth) to dune-covered I~ 
_ bed (larger. depth) ; the transition from dunes to flat bed is always g gradual. a 

- - As Barton pointed out, the sand front was always observed to be diagonal 
_ to the flow for some unknown reason. | For some of the runs in the large flume, 


TABLE 9— —Summany oF SanpD Size DIstRIBUTIONS 


Standard. | D Dus De 
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ts ale D, = =VDudu 


‘goveral or were observed in “addition to the 
main one, , and usually followed behind a 


data in Tables 7 and 8 are in 
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ments made by Nomicos. were at the constant depth o: of 0. .24 ft, and ; al the 
_ runs made by Vanoni and the writer were intended to have _ depths of 0.24 
ft or 0.54 ft. With the depth thus limited to two selected values, more atten-— 
at tion could be focused on exactly what changes take place as the velocity in- 
ereases with depth constant. In effect, a horizontal cross section 
a Fig. 24 shows how the slope (S), the shear velocity for the bed (U,s), 
and the bed friction factor | (fe) changed with velocity for a nominal depth of . 
0.24 ft for runs made with sand Nos. 1, 3, and 4 in either of the two flumes. 


= for comparison with the new + Ag It is noteworthy that the points from three - 


“he. Front oF a Sanp Wave 2-17, or 33.5-In. 


different investigations in the two different-sized flumes on three sands ¥ with 


different geometric standard deviations may easily be fitted with common 


‘Similar curves for d = 0. 54 ft. (sand No. 4 in the 33.5-in. flume) and d= 
(0.24 ft (sand No. 5 in the 10.5-in. flume) are shown in Figs. 25(a) and 25(b), 
respectively. In Fig. 26 are presented the concentrations measured for the 
‘runs in each of the three categories mentioned. Points for. ‘some of the new 
- Tuns (2- 17D, 2-17F, and H-3) are not included in Figs. 24 through 26 because 
* depths lie outside the range used for the figures. “her 


_ The graph ii in Fig. hey isa composite of all the data for sand Nos. 3 3, 4 se 
. 5 and i is similar to Fig ‘ig. ‘The! 
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(G) been replaced by q and qe, the same quantities, ‘Tespectively, per u unit: 
_ width. . As before, the logarithmic cycles i in the abscissa are twice as long as ie 
: hes in the ordinate; the depth is shown next to each plotted point. The — 
a friction factors, which are also labeled adjacent to the points in Fig. 7, have e been ~ 
omitted because they do not appear to define a simple pattern of contours. On 
_ the other hand, contour lines for constant depths of 0.24 ft and 0.54 ft have been: 
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ee and they show the same general tendency as the constant-depth ‘lines 
= Fig. 8. _ Because of the different sands used for a depth of 0. 24 ‘ft, it was 


‘“mecessary bo ‘plot three slightly different contours for this depth. In n these 
rut fi 

experiments the unit sediment discharge (g.) increases when o, “increases, 
with Q, d, and D, staying nearly constant. Unfortunately, Fig. 27 is not 


free from temperature ¢ aca ae the range covered is from 16. 5°C to 27. 5°C. + It 
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ce complete and detailed information and analysis of this work and re- 


is — that ‘the seater would be less if the temperature were constant, 

as in Nomicos’ Series II (sand No. 5) in which T = 25.0°C to 26.0°C. pul an aw 


lated investigations are contained in two final research reports.“ = 
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‘that the foregoing data support all the previous of the writer 
the following exceptions: ows os Ab bog, moo 


= 
Studies of the and Suspended Load of Alluvial Streams,” by Vito A. Vanoni 
: _ and Norman H. Brooks, Report No. E68, Sedimentation Lab., California Inst. a Technology, Pasadena, a 


H, Brooks Vito A. Vanoni, Report He. 
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‘For brevity and to avoid duplication 
the new results will not be discussed in detail ; careful study will determine how 
‘ 
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In conclusion 4b, the writer stated: “For a a given 
was found that two depths of flow were possible.”” Because of the manner in 
which the runs were scheduled in the recent experiments, no new evidence on 
this conclusion was obtained. However, good evidence presented by Barton | ef 

indicates that this conclusion may not be generally true. It is hoped in the — 
future to schedule some runs which will definitely mrt: further evidence 


OWA 
Lestabt was stated in conclusion 4g that ‘ ‘when d is ‘increased, holding U 


Depth range: 0.233 ftto 0.250 ft; Brooks,sandNo.1(0) 
sg = ea Nomicos, sand No. 3 (v) & 4 (4) 
rm “Th Vanoni & Brooks, sand No. 4 (0) 
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. of conditions covered. ae ‘With the wider range of depth now ow obtained, it was 
» found that f, is substantially lower for the larger depth for a given velocity in — 
those cases where the bed was cov ered with this is 
Figs. 24 4 and 25(a). 


_ pared, and, therefore, they cannot be checked against the new data pre- 

Without « exception, the discussers challenged the: writer’ s basic 
(Conclusion 1) which states (in part): 
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Sand No. Dg (mm) Flume 


Tet (0.145 1.11 10.5 in. 


v 3(0r4) 0.145 1.30 10.5 in. 


(0.152 1.76 10.5 in. 
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‘ is correct in in stating “This statement should | be with the 

understanding that, among other factors, a given temperature, channel, and 
sediment are implied * * *.”” _ Among the discussers, Carlson and Mostafa and — 
Liu, Lin, and Blench dc doubted the validity of the experiments themselves. — 
Einstein and Chien and Barton apparently accepted the findings of ae 
experiments but doubted the generality of the findings, feeling perhaps that 
some peculiar condition resulted i in the findings it in 1 the flume experiments. a, 


the original the writer's reply lies in the additional data 
herein. | For example, Lin has pointed out that the writer did not actually have 


the same iecmienniane as well. However, Nomicos has performed a a pair of P 
runs (Series I, runs A and C) which have exactly the same depth, slope, and 
temperature ; yet the velocity i in run A was 2.06 ft per sec while in run C it was 
0.91 ft persec. The validity of conclusion 1, at least for the laboratory flumes, 
is certainly conclusively demonstrated by Figs. 24 and 25. The curves repre-_ 
senting slope asa function of velocity for a constant depth have very definite — 
inflections in them for d = 0.24 ft and a long horizontal section for d = 0.54 ft. 

bath 
Therefore, one cannot expect to choose a value of S and only one corresponding 
value of velocity from the graphs. Similarly, it is apparent that U cannot be 
uniquely determined from the bed shear velocity. 
results, as indicated in conclusion 2, is clearly the extreme seslalibns of the bed — 


The > writer concurs with Liu i in his analysis of the resistance and 1 transport 
problem s starting with Eq. 6 (leading | only up ‘through Eq. 9). However, 


watlaliles as explained “previously. writer must vigorously disagree w with q 


4 Liu, even on legion! grounds, when he makes the statement (referring to 


S= finding in this case is in contradiction to his statement * * * that 
‘fy and C are uniquely determined by U and d,’ which means that the slope — 


fourth paragraphs following the paragraph just quoted from. = fees S 

Liu disagreed - also with conclusion 4d which states that “for a given — 

~ value o Q, the largest bed friction factors are associated with the lowest values 

of G.” Liu believes that the dunes will not develop at the lowest transporta- _ 

tion rates, although he has found experimentally** that ripples start forming 

on a smooth bed practically as soon as the sediment starts to move. It has 

been the writer’s experience also that if there is any transportation at all, a 


“The Present Status of Research on Sediment Transport,” by Ning Chien, Transactions, ASCE, 


independent variables leads to statements in the first and ‘ 


st ce 


— 
~ 


“For the laboratory flume it was found that neither the velocity nor the ls 
gediment discharge concentration could be expressed as a = 
- funetion of the bed shear stress, or any combination of depth and slope, or _ Z b 
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i large dunes will grow in in fine sand if sufficient time is allowed. For this reason | 

- eonelusion 4d should not be unreasonable. However, from Fig. 25(a) it may 

{ be noted that for the runs with d = 0.54 ft the friction factor (f,) at the lowest 

velocity i is slightly | less than the maximum (compare this with conclusion 4e). 

7 For run 2-12 (d = 0.541 ft and U = 0.80 ft per sec), the friction factor, a iy 
wa : was 0.076, which is still a large value e considering that G was only 0.015 lb per 
rv = (or C = 3.3 ppm). For this run the flume was operated continuously for 

‘4 hr; starting from a flat bed, it took about 24 hr to reach agar —_ 


‘4 20 confirms the writer’s observation‘ that the velocity of advance of the Genes — 
actually decreases as the gr: grain size gets smaller and presumably the sediment 
ry is encouraging to know that Barton has made experiments at Colorado — val 
7 4 hr University which are similar to the ones performed by the writer and that — 
his results are in many ways similar to those reported herein. The data that he | 
has presented in Fig. 9 certainly demonstrate the same general behavior of the __ 
_ friction factor that has been noted by the writer. In comparing data for differ- 
- depths of flow it was found that the region which Mr. Barton has labeled — 
“sand bend ail (Fig. 9) moves to the left as the depth . It has 


(cu ft per sec) 


been ‘pussling to the writer to note that even in comparing s the 10.5-in. flume and - 
33.5-in. flume with the same depth of flow that the interval of velocity oe : 
A sand bars or sand waves is not exactly the Se the flumes, being 
higher for the wider flume. niluarbyd auld yal ta: ewollol 
a. Fig. 10 perhaps implies that the ‘relationship between depth, slope, and ad - 
charge | is simpler than it really is, even for the flume used. If all the data 
_ published by Barton and Lin® are plotted on a curve similar to Fig. 10, the lines - 
of constant slope cannot be drawn as straight lines such as lines A and B of that Bi. 


; figure. In particular, along | line B for 8-= = 0. .0015 to 0. 0017, the > slope actually 


ft per sec... This i is indicated by the runs in Table 10. Run 29 falls on line 
whereas run 31 falls below; on the other hand, one is led to expect from Fig. 10 
that these points s would fall between curves A and B on the basis of their 


In spite of this deviation, the writer concurs with Barton that the 


Colorado State University data do not support conclusion 4b. However, some 


of their results indicate that for a given depth and slope more than one equi- © 
librium discharge could probably be found in th the flume at Colorado State 
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4 nol From a study of the runs in Table 11 it is seen that when the depth i iscon- 


_ stant and the velocity decreases, the slope actually increases because the friction 
deste for the bed increases 80 rapidly. 0 As illustrated in Fig. 24, this —_— 


per sec (Barton's s run 16), the ‘slope must eventually drop also, thus 
- gome slopes already obtained for higher velocities. Therefore, although no © 
two of their runs have exactly the same depth and slope with two different 
discharges, it is seen from the foregoing | data that such a result would 1 un- 
_ doubtedly have occurred had a complete sequence of runs been made at _ 7 
depth of 0.40 ft in the flume at Colorado State University 


7 a) = analysis presented by Carlson and Mostafa a: appears to be oversimplified. 


= Fig. 18 the slope is plotted against concentration (expressed as G/60 y Q). ; 


The discussers have giv en no > logical re reason why the slope should be so simply 
«re 
_ simplification. Fig. 19 shows how the sbeenatiees for dunes and those for 


_ flat beds plot along two different lines in a curve of rm S/D versus concentra- a 


_ tion. _ A curve such as this does not solve the problem of whether there will be _ 


T 


at 


0.080 | 24 
19 19 0.40 0.00158 


0.110 22 


© Computed by the writer; other data from “A +.” of the Sediment Transport in Alluvial Channels,” 7 
by J. R. Barton and P. N. Lin, Dept. of Civ. Eng., rado State Univ., Fort Collins, Colo., 1955. 


“Tt vs that fi for ‘the same as given S, and 
two different ratios of sediment to water discharge might have been pro- 
duced, on one with a smooth bed and the other with a dune formation.” Davey 


If the analysis Sealient to the curve in Fig. 19 were sound, this’ webs appear to 

_ be a logical conclusion. However, the fact that this conclusion is completely 

contrary to the observed results does not cast doubts on the writer’s conclusions 

_ but on the analysis in instead. When values of rm, S, and Q are selected, the fric- 

; - tion factor is automatically determined ; it follows then that it is impossible to 

7) produce either a smooth bed or a dune-covered bed when the friction factor is 
and The writer does not believe that the i of the curves of Carlson 

a and Mostafa can be remedied by information on the grain sizes of the sedi- 
ment load . N onetheless, because this was an omission of the original paper, 
7 the available information on the size distributions of the sediment samples — 

a is given in Table 12. — Unfortunately, the data are incomplete, but the extreme 

7 of transportation rates is covered so that the missing values could be 
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"expected t to lie within t the range: of the values reported | therein... wt ‘The observed 
ae in D, a and Tg between runs is believed to be of little consequence. a 


eer issued after the writer’s original paper had been submitted for 


publication. 1. Because s only the main results of his theoretical 
analysis without the underlying reasoning, a detailed discussion of the analysis 
. would not be appropriate here; hence, the following comments are confined to — 


Material presented i in hie discussion. * 
= usefulness of his analysis is restricted, however (as with Fig. 19), besaese there 
‘is no way to predetermine which « of the two | curves (one being for dunes and 
the other for flat bed) applies in any given case. 
odd The writer concurs with Eqs. 11 and 12 but not with Eq. 13. To obtain 
Eq. 13, ‘it is necessary to rewrite Eq. 12 to make the viscosity, u, a function of 

U,; d, p, ¢, g, and w and substitute it into to Eq. 1l. In effect C is therefore made pS 7 


mm 


an independent variable and yp, a dependent one. Because 4 pisa property of 
a the fluid it is hardly appropriate for a dependent ¢ variable. _ Furthermore, the 


. writer i is of the opinion that it is impossible to take U, d, and @ all independently 
for a given material (w ith a given settling velocity, w) because many combine- 


oe 27, it seems to be an inescapable euler the fact that Lin, on the _ 
basis. of Fi ig. 21, arrives the « opposite | conclusion i is more likely to 
% that the analysis is faulty. In fact, his statement that “* ** in the range of | 
. _ the author's data, fs is not unique, no matter which six of the pertinent variables 
are chosen as independent” : appears ‘illogical by the same line of reasoning as 
om the previously presented mathematical examples, y = sing and 
. = sin y. A relationship between s several variables may not be unique when 


Bee nag in one form but still be unique when written in a different way. —ae 
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states that the writer’s “conclusion 3 is not compatible with his data.” 
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into two due to ‘the grain roughness of the surface 
a that resulting from the ‘ “topography” of the bed. Like Einstein, they have _ e 
_ theorized that the rate of bed-load transport is dependent only on friction — 
associated with the grain roughness. Their final formula for the ‘Tate of bed-— 
load transportation shows that the transportation rate depends on the ‘shear g 
with a correction factor Meyer-Peter and Miller have not suggested 
how one is to predict what this factor should be, nor have they indicated that. e 
‘there might possibly be any difficulty with multiple solutions. That is, for a a 
given v 1 of shear there may be more than one possible value of this correction Y 
- factor. Therefore, the writer would like to dispute the statement by Lin to y 
- the effect that Meyer-Peter and Miiller have published a finding similar - the Ee] 


writer wishes to thank Blench for pointing out the 
ings in regard to regime theory. From Blench’ 8 paper” it is seen that the 


regime theory certainly does iabbade. the shear; on the other hand, from the 
= of the equations comprising generalized regime theory, as reported by — 
-Blench, there i is no possibility for nonuniqueness of tl the type observed by the — 
writer in the laboratory. The writer certainly does concur with Blench, how- 
ever, when he implies that the discharge and the grain size and other character- “ 4 


width, , and slope of a stream are considered dependent ‘variobles: 
In regard to the last misunderstanding enumerated by Blench, it should — 

be ‘pointed out that the “two present theories” referred to under conclusion 1 
were those of Lane and Kalinske,” and Einstein and Barbarossa”. It was nc not 
_ the intention of the writer to dispute the ‘Tegime theory, which does not deal 
with sediment load. 

Einstein and Chien have presented s a very thiédough thoughtigrov oking 

uae of the writer’s paper. Their analysis is based primarily on an ei 

ee of the experimental results on the basis of the theory for river-channel 

_rourhnes of Einstein and Barbarossa”. The discussers demonstrate how the i/ 

_ bar-resistance curve of Einstein and Barbarossa can actually lead to multiple — a 4q 

"solutions for certain values of the depth, slope, and grain sise. Th “They state: a 


‘lon “The existence of such uncertainty in predicting discharge and ‘sediment 
“20 load in very limited ranges of conditions was known previously, but io i 
- much significance was attached to this fact because of the rather rare a 


a Inasmuch as the « discussers did not offer an any reference i in ‘connection n with this 
"statement, it may be inferred that it was previously known by only a few people — 


3 and that whether or not these are rare occurrences remains to be demonstrated. 

a such cases are not rare, , the usefulness of the proposed bar-resistance | curve 
will be limited by the fact that one will not know which of two or more possible — ; 
solutions to choose as the correct amswer, 


-‘The writer thinks that t the uncertainty of ‘solutions derived from the bar- 
pas 


resistance curve may be : more » widespread than indicated by the curve cond 


@ 


“Regime Theory Formed Sediment-Bearing Channels, by Thomas Blench, 
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Chien and Lin) refer to 
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because. of the lnnies range of sine of the original ri 
_ resistance graph i is based. “ The tremendous effects of this scatter on a typical, ie 


by James Doland, ASCE, and Ven Te Chow,‘* A. M. ASCE, 
= Sir Claude Inglis,“ M. ASCE, in discussing the paper by Einstein and , 
Barbarossa - In In Fig. 28 the bar-resistance « curve has been plotted as a wil 

wih two dashed lines on each side indicating the range of 


and 2. For curve 2 lies within the zone of from ) 
from Fig. 11 


OF or Points DEFINING THE CuRVE 


= 50. Therefore, the writer deus not believe that the discussers 


can umes that the occurrences of such uncertainty are rare, merely on the 
basis of the bar-resistance curve. 


Einstein ‘and Chien have noted that the flume values of and 
J : ée not follow the bar-resistance curve for natural rivers (Fig. 15). They hav e 
. = suggested that the discrepancy is due to the unnatural uniformity of the — 
material used in the flume. Following this suggestion, , experiments 
- made with sands of varying geometric standard deviation (Fig. 22 and Table 9) 
with the results as given in Tables 7 and 8. The discussers’ sorting coefficient, = 


47 “River Channel Roughness,” by Hans A. Einstein and Nicholas L. Barbarossa, Transactions, ASCE, 
_ 48 Discussion by James J, Doland and Ven Te Chow of “River Channel Roughness,” by Hans A. Fin- 
Discussion by Inglis of “River Channel Roughness," by Hans A. Einstein and Nicholas 
Barbarossa, sbid., p. 


a — 
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| shows curves 1, 2, and 3 from Fig. 11 Allowing that possible solutions mey 
anywhere within this band of scatter, and not necessarily precisely on the 
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is related to the more ‘commonly used geometric deviation, in 

following way for the logarithmic normal distribution: pd 


Determinations of and were made for all the runs Teported in 


‘Tables 7 and 8 as well as for all the data presented ir in Table 1. In making 


_ these computations the procedure suggested by Einstein and Barbarossa?’ was 
used, without simplifying assumptions. By a ¢ change of parameters and 
specially derived working graphs, the writer was s able to solve Eq. 4 for 
and re’ without resorting to trial and error. In Eq. 4, D was replaced by Dus 
to take account of the nonuniformity of the sediment. The values of of vo 
Sand Dg(mm) oy 


neil 1 0145 


130 
0.1371. 


pov! Einstein’ 's bar- resistance c curve“ 


Ae 29.—Comparison or Pornts From Fiume EXPERIMENTS WITH 
_ were cena by use of Eq. 3. The computed values for the writer's in 
data are slightly different from - those of Einstein and Chien because a dis- 
tinction was made between ed and Des and Das. . All these data are plotted — 
together i in Fig. 29. ‘The surprising result is that the sorting of the material 
q makes practically no difference in the bar-resistance relationships for the flume : 
— _ Even runs in Series II (¢, = 1.76) behave ee: identically to the - 
Writer’s runs 2 through 13 =1. 11). For = 1.76, Einstein's ‘sorting 


7 ‘aon S., is 1.46, which is greater than the majority of the values listed © 


A possible explanation for the apparent inconsistency between use po 


eo data is the wall effect. Whereas in the laboratory flumes the maximum ij 
width-to-depth ratio was : only about 12, natural rivers commonly have width- + 
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to-depth vation of the order of 100. In the laboratory, the stream is s confined : 
to a straight channel, and the walls are usually smooth. The side-wall correc- = - 
— tion procedure’ i is supposed to eliminate the wall effect as far as the computation — 7 
of the bed friction is concerned, but there is no known correction for the seffect 
of the walls on the sediment transportation and dune configuration. = 
_ Roughness of alluvial channels will have to be expressed basically in terms 
of a velocity parameter instead of a shear parameter such as y used ~ a 
— Einstein and Barbarossa. Because large changes in roughness have been ob- | 
_ served to occur with almost negligible changes in the bed shear (or Uy), it 
_ appears that the latter is a poor choice of independent variable. Said M. Ali 
_and Maurice L Albertson,*° M. ASCE, have presented an interesting analysis 
of roughness of alluvial streams based on the Reynolds number, which isa 
In the concluding paragraph of the discussion by Einstein and Chien, the 
-_writer’s results are compared with Einstein's (¢, — relationship. ® Asthe 
; derived points fit Einstein’s curve reasonably well in most cases, the discussers 
_ are led to conclude that “* * * the concept in linking the bed-load transport = _— 
with the grain resistance of only the bed material is basically sound.” In con- 7 
sidering this deduction it is well to realize some of the assumptions that were 
- made in deriving the plotted points from the writer’s data presented. In the 
first place, the functional relationship given in Fig. 17 is basically for bed- load x 
transport. In order to evaluate the bed-load discharge from the writer's 
measured values of total load discharge, the computations involve finding the 7 _ 
_Tatio of suspended- load discharge to bed-load discharge. The suspended- load 


Sihdhiien above the bed (y = 2 D) may be considered a boundary condition — _ 
for the suspended-load equation (Eq. 1). This concentration is found by 
dividing ‘the bed-load transport by 2 D (11.6 u,’) in which u, is the shear 


velocity associated with the grain resistance aly. 


2. The velocity distribution is expressed i in terms of u tte "10.40, 40, thus implying 7 

‘that (a) the von Kérm4n constant k = 0.40 and (6) only the shear due to grain 

resistance affects the velocity distribution in the vertical. (Actually, u,’ intro- 

_ duced by assumption 1 cancels the same quantity arising from assumption 2 in a 


- 


implied by this relationship that the diffesion oft the load 


‘Using these assumptions, the product of concentration and velocity’ may 
integrated from y = 2 Dto y = d to yield the rate of suspended-load transport e- a: 


Aspects of Roughness in Alluvial Channels,” by Said M. Ali and L Alberteon, Dept. 
of Civ. Eng., Colorado State Univ., Fort Collins, Colo., ‘August, 1956. 
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as a multiple of the bed- transport. Knowing this, the load 
_ may be computed from the measured total sediment discharge. == 
0 Now, each one of the three basic assumptions mentioned i is open to serious" 
a question especially for runs with dune-covered beds. _ In the first place it is 
3 unreasonable to apply the suspended-load equation down to an evaluation of | = 
_ 2D when the height of the dunes is of the order of several hundred grain 
diameters. In the second place, it should be noted that many investiga- 
tors** have shown that the von Kérm4n constant, k, for sediment-laden streams — 
is substantially less than the assumed value of 0.4. Data reported by Barton ; 
and Lin® also show that assumption 2 is poorly supported in fact for runs — ; 
with dune-covered beds. _ In regard to assumption 3, the experiments of Barton - 
and Lin further indicate that the theoretical exponent, z, based even on the 
-4 total shear velocity, U,, is still larger than the observed exponent when the 


bed is covered with dunes. As it is not uncommon to have u,’ < 0.5 U,, 


q 
q the error in the shape of the suspended-load distribution—resulting from using — ; 


a value of z which may be more than twice the actual value—can be consider- _ 


PP wes the gross errors in each of the assumptions may tend to cancel out 


r lieves that one is not justified i in making definite conclusions about the relation 
load to suspended load from of such a tortuous calculation. In 


4 rian is an analy: sis similar to that ane aah for experiments made by 
_ Einstein in the same 10.5-in. flume that the writer used at the California — 
Field Observations.—Einstein and Chien “an correctly pointed out some 
of the weaknesses of the field examples cited by the writer. ‘There are very — 
few fie which are sufficiently detailed to verify conclusively or dis 
prove the “conclusions reached in a laboratory flume. ‘The main difficulties 
with the example of the Colorado River at the Grand Canyon are that there — 
is no information on the division of the total suspended | load between wash- load : 
and bed-material load, and there are no data ¢ on slope or grain sizes in the bed. 
a The changes that took place during the spring flood of December, 1940, to 
-: une, 1941, probably | did not occur ina matter of days, as indicated by Einstein 7 


-¥ should be sufficient time for scouring the bed and changing the roughness. In 
—_— connection it has been observed in a laboratory flume that a ayetein of , 


is in equilibrium only with a flat bed. the 


The writer ‘Tecognizes that the ‘scour of the Tiver at the 


_ sections of the river tended to scour out during floods, whereas the wider sections _ 
tended to. aggrade. Although it may well be that regime of the 

river is not changed, the changes that occur in any given reach must be in 

response to the changes in the ‘discharge and ‘sediment load entering that 


giv 


reach. Even though the changes may not proceed all the way toa new. equilib- 


*4 rium, the alterations of th thes oream characteristics are certainly in that direction. — 


’ and Chien, but in a matter of weeks and months. It seems as though this il 


dunes can be wiped out in less than 1 min by a flow of a higher velocity which > 
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_ the discussers, Lane an orland® found that on the Rio Grande the narrow b -_ = 


BROOKS ON SAND +: 593 
+ ‘The situation at Yuma i is nein complicated by the location of Imperial : 


Ez works.“ By the diversion of essentially clear water from the river to the All- 
American Canal the remaining water has to carry a higher concentration of - 
sediment below Imperial Dam. In order to move this material down the river 
and preserve the channel below Imperial Dam it has been necessary to sluice 


the channel for several hours every week or two with a relatively high discharge — 
20, 000 cu ft per sec or more). It is perhaps the nature of this sluicing opera- _ 
tion and the varying nature of the sludge from the desilting works that gives the a 

’ apparently erratic changes in the median grain size of the river bed at Yuma, 

without any clear-cut coarsening of the bed sediment there. 
_ While the writer believes that a coarsening of the bed material is not nec- 
essary to produce an increase in the roughness when the sediment load decreases, — 
Einstein and Chien demonstrate by an example (Table 3) that a change in 
the grain size from 0.14 mm to 0.35 mm can make a significant change in the © 


Manning n for the same discharge. It is | presumed that the source of their 
data marked “measured” in Table 3 is Leopold and Maddock" as no new refer- _ 
a ence has been given. However, the discussers’ use of 0.14 mm as the typical 7 
-- grain size before closure of Hoover Dam and 0.35 mm for after closure is not at — 
all consistent with the observation of Dso = 0.140 mm on November 8, 1951, — 
_ cited by them; in fact, both Dso = 0.14 mm and Dsy = 0.35 mm have occurred , 
after closure. Thus, the discussers’ deduction that the change of the roughness , 
at Yuma from before closure to after is due entirely to a change in median grain — 
size does not appear sound. The writer believes that the main contributing 
f actor to the increase in the roughness is the great reduction in the bed-material — 


load whether the bed becomes slightly coarser or not. = 
Pa In his discussion, Liu ars stated, “* * * itis generally known that the slope 


Re 


discharge enn, the aie ; depth changes m more re readily | than the slope. does.” 
_ Although the slope S cannot adjust rapidly over a long reach of a river, never- 7 7 

a - theless the slope of a graded stream® is, in the long run, just that slope which is _ - 
= required for transporting the water and bed-material load supplied to the reach. 

In this way the discharge Q and sediment transport rate G may be eee ae 
s the independent variables, and the river will in the course of time work toward 3 a 

the slope which is required to achieve equilibrium with Q and G. 
: ha In the short run, of course, there will be large fluctuations in Q and G. But 

{ also i in the ae short 1 run n there may be local scour or fil fill, indicating temporary non- 


aa . - slope required for the given Q and G. However, the writer’ s hypothesis ot 
P several combinations of Q and G can be in e equilibrium with the same ‘slope 
ee really | allows a river xr greater flexibility because large changes i in Q, G, and stage 
may take place without requiring any significant changes in S, which is by == 


2%: & “River Channel Conditions Imperial Dam to Laguna Dam, ” Colorado River Front Work and Levee 


y System, Bureau of Reclamation, U. 8. Dept. of the Interior, Region 3, Boulder aa Nev., August, 1954, 
7 ® “Concept of the G Graded River River,” } 
je 1948, pp. 463-512, 


: 
| below Imperial Dam, as mentioned by Einstein and Chien, but there is also 
q local choking of the river channel between Imperial Dam and Laguna Dam a a 
| (about 6 miles downstream) due to the sludge returned from the desilting 
| 
= 
| 
{ 
5 
j 
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sonia combinations of values of Q and G cannot occur at the same slope in a © 


— 


n _ Summary. .—In general, this closure has (1) attempted to explain the logic 4 


oe uniqueness and nonuniqueness of various functional relationships; (2) an- Pi 


off _swered several questions about procedure; (3) introduced more flume data i in 

_ support of the writer's basic conclusions; (4) pointed out some of the difficulties 7 
in the analyses presented by the discussers; and (5) given further opinions on 
. field examples. For the reasons detailed, the writer still adheres to all the con- ' 
originally presented with the possible exception of 4b. 


The writer appreciates all the efforts of the discussers in presenting so much | 


valuable material on these controversial problems. Although all the discussers — 


ss disagreed with all or r part of the writer’ ~ 's conclusions, the writer i is s unable to 


_ herein are part of the research sponsored by the Missouri River Division of — 
a? Corps of Engineers and the National Science Foundation, Washington, a 


 D.C., at the California Institute of Technology. 


as ~The writer is indebted to George Nomicos for performing the experiments __ 
in the 10.5-in. flume; to Hugh S. Bell, Jr., for his assistance in making the = 


a ~ experiments ir in the 33. 5-in. Siteund for analysing all the data; a; and to Vito A 
-Vanoni for his supervision of the sponsored research and for offering many 
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q MUNICIPAL ORI ORDINANCES FOR INDUSTRIAL 


“system of intercepting sewers, pumping stations, and sewage-treatment plants, 
the construction of which was completed in 1955. _ Presented herein are the 
main features of the ordinances and regulations that were set up by the city ‘ 
- officials concerning the reception of industrial wastes into the system and 
treatment plants. _ The principal features that are described are the system of - 
. _ charges and collections, aspects of the ordinance that protect the system 7 


an and the employees from toxic wastes and other types of harmful by- products, i*, 
and several case histories of the s] specific liquid wastes that have received special y 
study. Included among the case histories are those of the soft-drink industry, — 


plants, and samen per manufacturers. 


‘Principal consideration will be given herein to the ordinances adopted by 


: the city of Knoxville (Tenn.), with limited attention being given to the more 

-- general aspects of the problem. The ordinances that are now in effect in 
Knoxville were passed by the city council in 1954. and 1955. 
_ Historically, 1 the work began in 1944 when the city engaged two firms of 
consulting sanitary engineers to study the city’s need for a system of intercept- 
ing sewers and one or more sewage-treatment plants, and to prepare an engi- 
“neering report based on their ‘ir findings. The report was submitted, and at a 


later date one of the firms was employed to design the interceptors a1 and treat- 
Asi In 1953 bids were taken, and the work was begun a at a bid cost of sopees- 


mately $6,000,000 to be financed entirely by revenue bonds. - ‘The bonds are 


oa ‘Nore. —Published, essentially as printed here, in October, 1956, in the Journal of the Sanitary En- 

gineering Division, as Proceedings Paper 1085. Positions and titles given are those in anaes when the paper > 

was approved for publication i in Transactions. = 
Director, Div. of San. Eng., Tennessee of Public Health, Nashville, Tenn. 
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WASTES: 


operating expenses, and other costs are to be for by sewer service 
charge for for all customers (within the city) using the sewer system. The basis 
h-@ of the service charge i is that each customer pays a percentage of his water bill : 
: 4 for the charge. Table 1 shows the schedule for all classes of customers. 
_ Billing and collecting i is handled by the Knoxville Utilities Board, a munici- a 
pally owned organization that distributes electricity, gas, and water. ye ral 
. oe A description follows of a single bracket of another type of billing struc- L 
ture that is available to those using great quantities of water. In this type of — 
is billing, a one-year ‘contract is agreed on between the | city and the. customer. 
If the contract agreement is for a use range of between 0 cu ft. per ‘month and 
: _— 000,000 cu ft per month, the customer pays a base rate of $175 per month — 
ws plus 4 cents per 100 cu ft for all the water used (that is, all that is returned to 
the sanitary-sewer system) to as much as 1,000,000 cu ft. If the usage is be- 


yond the contract figure, the customer pays 5 cents per 100 cu ft for all the 4 
: TABLE 1.—SEWwER SERVICE CHARGES* FOR KNOXVILLE, TENN. 


Water used, in cubic 


_ First 500 (minimum) 13.0 


Next 6,000 nash ned wad pend 
Vext 10, 9. 
Next 10,000 lined Le 12. mot bos 
Morethan 70,000 | 6. 4 
__ Net rates; after ten days past due 10% be added. Minimum bill inside city is 
65 cents. Minimum bill outside city is $1.00 


6 000,000 | cu ft pe per month’ in of 1, 000, 000 cu ft per - month. the e previ- 
4 ously described rate structure, the bill is increased 50% for service beyond the = 
previously described city a 10% is applied 
The writer feels that an pe applying to the reception and 
of liquid wastes within a -sanitary- ~sewer system s should consider the 


2 
1. Protection | is required of the sewer system from substances that are 
harmful to the pipes, jointing material, and manholes. Workmen should be > 
protected from gases or chemical poisons that may be discharged into the 
sewer. Flammable or explosive substances of all kinds should also be excluded. 
2. The s sewage-treatment plant should be protected from substances that 
may seriously interfere with its normal operation, such as overloading by slugs 
of concentrated material, chemical poisons, liquid wastes that are extremely _ 
high in biochemical | oxygen | O. ), matter, color, 


factors: 
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3. ‘There should be | a talon of charges for industry, so that each firm 


e pays i its proper share of the cost of handling and treating the waste. 


ya vetlel wailtid of sd Hig 
Before presenting the more specific provisions of the ‘ordinance and experi- é 
“ences with its use, the position of industries with respect to the utilization of = 
city sewer sy’ stem an and treatment plant should be mentioned briefly. Most, 
but not all, of the industries within the city of Knoxville discharge their liquid oa 
wastes into the city sanitary-sewer system, including washroom, toilet, drink- — 
fountain, and miscellaneous sanitary wastes, in addition to the liquid 
wastes from manufacturing processes. Provided that the wastes are pre- 
treated, thus producing an effluent acceptable to the city health department _ ni 
a to the state health department (depending on which has jurisdiction i in the _ 
particular case), industries can either place all liquid wastes into the | city sys- 
tem, or treat them before their final disposal into a water course. Ina- 
most all the cases that arose in Knoxville prior to 1956, industries elected 
discharge all polluted matter into the city system rather than to set up 
treatment facilities of their own. This is the more economical policy in most 


cases, especially for those i in which the particular men is in a medium-sized | 


a Two other possible conditions may also arise. One! is that industries may — 


be requested to do limited pretreatment or recovery, or both, prior to the ac- 
ceptance of their liquid wastes into the city ‘system. Int this Case also, will 
usually be to their economic ‘advantage to use the city system. 
In the latter case, in which a part of or all the particular industrial waste 
- will not be accepted by the city i in its raw state, or in any state of pretreatment 
that the industry can reasonably supply, it may be necessary to give complete 
treatment to all industrial wastes. In addition, substantial changes may have — a A 
to be made in the operating or recovery features of the processes, or in ~ 
treme cases it may be necessary for the plant to be moved to a more favorable — i 
Some of the major items included in the Knoxville Ordinance are: Gioutie: a 


__ @, All customers shall have approved meters on all water supplies that are i. 


ultimately discharged into the sanitary-sewer system, or else shall meter the 
liquid wastes. For home owners this means that in almost all cases the cus- = . 
tomer pays the sewer service charge on all water used through his meter. In ee 
the: cases of commercial users al and industrial users who may utilize large quantities 
E of unpolluted cooling water, and in the case of some industries which (1) — 
rate part of their’ water, (2) return some of it in an unpolluted state to 
: Bees: storm sewer, or (3) use it in their product, one or more 8 secondary meters — 
may be used so that the customer can receive credit for that part of the water 
_used but not returned to the sanitary sewer, 
aa b. A rate beyond that given in Table 1 may be charged to industrial users ~~ 
‘if the B.O.D., , suspended solids, chlorine demand, or other properties: of the - 
- waste are such that handling the waste creates a great expense in the treat- pe 7 
plant. These properties are based on periodic laboratory examination 


of the opens waste. At present (1958) such a penalty i is not being ap- ; 
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that a surcharge should be imposed on ‘customers, each case 
“a will be considered separately, and the billing policy recommended by the con- 
sulting engineers will be passed on by the city council. - The writer believes _ 

A that such a ‘surcharge should have been imposed on all industries from the — 
beginning of the operation of the treatment plant, based on B.O. D. , Suspended PY 
solids, chlorine demand if any these characteristics ‘exceeded an 

e. Within eighteen months after the passage of the industrial- waste ordi- 
nance, all industrial customers Taust file certain information with the city. 
> Each industrial customer shall express intention within twenty-one months of _ 

accepting admission to the city “system, when pretreatment is required or a 

- ‘surcharge i is to be levied by the « city. _ Within twenty- -four months a all indus- ; 
trial customers who must pretreat their wastes are required to submit plans to 

‘the city showing the proposed treatment facilities. The industry must show evi- 


dence within | twenty-seven months that a contract been awarded for con- 
struction when | pretreatment is necessary. All the preceding time periods a are 


& from the passage of the ordinance, and in special cases a time extension 


may begranted. = 


bee! Certain substances wwyarry be present i in industrial wastes are excluded 
_ from the sewer system either in whole or in part. In some cases a limited 
- quantity is permissible, and this may be based either on the individual plant 
or on the concentration of this material at the treatment plant from the entire 


system. : ‘Bome typical examples of materials that are excluded are: A 


Liquids with a temperature greater than 150° F. oli 

. (2) Grease, oil, or other substances that will solidify or become viscous in 
dai Gasoline or similar liquids or gases that are ‘flammable or explosive; 
— (4) Substances that tend to settle out in the sewers and cause stoppage or 
(5) | Liquids. that are corrosive, highly acid, or highly alkaline (pH between 


(6) Toxic or poisonous 8 substances 


out Highly colored wastes must be omitted or subjected to special review. 
Slugs of liquid wastes that may cause temporary overloads on the sewers or 
the treatment are re excluded they are e discharged more uniformly. 


ante There are provisions for certain of as packing 

4 houses, poultry-killing plants, milk-products plants, and plants producing oil __ 
3 wastes. There are special regulations for plants whose wastes require pretreat- 
a. ment or recovery before admission to the sewer system. = | nae 

es Some of the foregoing provisions may seem to impose hardships on the in- a 


du dustries. However, as long as the problem is approached: cooperatively by 
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a 
city and 80 that the best solution is achieved w: with ¢ the 
least hardship and with the acceptance of all wastes that can ‘reasonably be 
_ handled at the treatment plant, the ordinance is reasonable and essential to — 
the protection: of the collection system and the tr treatment works. There 


3 special consultant on industrial wastes and on various other types of misery 

connected with the interceptor sewer system and treatment plants. Samples 
from various industrial plants were collected, and laboratory examinations 

we made of them. Reports were prepared from the data obtained, and rec- 

_ ommendations were made to the city concerning the acceptance of wastes i 
the system with or without pretreatment. It was also 1 necessary to consider, 
not only the effect of a particular industry on the sewer system and treatment _ 

plant, but also the collective effect of all industrial plants of a given type on > 

the operation of the treatment plant, such as the milk-product and the meat- 

groups, the metal-plating industry, ando thers. Considerable 


because this plant did not bela operating until the fall of 1955. peti 
Pe. Knoxville has a sizable soft-drink bottling industry, which includes one of 4 
the largest companies as well as several others. Most plants discharged their _ 
process wastes into storm sewers or directly into surface streams. An er 
24 of the wastes indicated that there was considerable pollutional material in the | 
Ss typical waste from a soft-drink plant. For example, a series of samples en 
 . one composite-plant waste (excluding sanitary sewage) showed an average pH i 
of 10.0, total solids | of 1,200 ppm, dissolved solids — of 1, 150 ppm, and a 
oy 5-day B.O.D. of 570 ppm. It was obvious that as waste should not be dis- 
charged to the storm sewer or to a surface stream. Further investigation re- __ 
vealed that nearly all the organic pollution odin from the small a 
f of drink residue in the returned bottles. The elimination of the first part of 
- the bottle rinse generally permitted the remainder of the plant gt a 
- sanitary sewage, to be discharged into the storm sewer, and, therefore, the __ 4 
plant received credit on this part of the water used. 
od Because of the toxic nature of their liquid wastes, metal-plating works are — a 
always potentially dangerous to sewage-treatment plants. Four plants of 
a this type were found in the city of Knoxville. One wasasmall specialty shop. 
_ Another was rather small, but handled a considerable quantity of chromium > 
and other plating on a semiassembly-line basis. Another plant handled = © 
= ing of outdoor electrical fixtures with cadmium for the most part. The fourth 
_ was a large plant, in which many types of metal processing were performed, x 
including several plating operations. One plant discharged its wastes into 
4, closed storm sewer, which later opened into a ditch; another, into one of the 
: creeks of the city a certain distance upstream of the river; and the large plant, 
= @ major creek a short from the mouth of the creek. The 
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INDUSTRIAL WASTES 
— solution. for these industricn seems to be to take all the wastes from the small 
plants into the city system and make a thorough investigation of the large 
plant to ascertain if the concentration of all important toxic materials can be 
kept within allowable limits at the treatment plant. If such control cannot ~ 
achieved without pretreatment, then such a procedure will be 
prior to the reception of this waste into the collection system. 
2. The « city contains several milk-processing plants, but only three were eer 
idered to be of special importance to the operation of the sewage-treatment 


all ies whey and several rinses are re released rapidly into the sewer r system. vo 
detailed study of the largest plant was made, including sampling of several 
weeks’ ’ duration. _ Operating practices were excellent, and, in general, the wastes" 
contained negligible quantities of milk and milk However, the yslug 
dumping of the cottage-cheese-whey vat imposed an extremely heavy B.O.D.- 
load for a short time. _ Various tests of the ‘BA 0.D D. of the whey sh showed values 
ranging from 26, 000 ppm to 48, ppm, or “an average of approximately 
- 36,000 ppm (all based on a 5-day B.O.D.). The whey increased the B.O.D.- 
_ population equivalent of the plant from 660 0 ppm without the whey to 2,800 ppm i 
with the whey. y. W ith the whey load concentrated into less than 30 min, the 
he effect for the short time period was that of a population equivalent of ap- 
proximately 100,000 ppm. The effect on the treatment plant could be ~~ 
a astrous. : All the plants were advised to remove the whey | from the city sewer 
system completely, although using a 24-hr holding tank to release this by- 
product gradually into the system would have i improve ed the situation. _ I ni die 
has two medium-sized slaughter houses, which are combined with 
¥ ‘years. The other is near the Tennessee River and has used a private sewer to _ 
; “= river in the past. In constructing the interceptor system, a provision was — 
_ made to take this plant into the city system. In both cases the packing 
houses were asked to remove blood, hair, and all similar material, and to in- 


meat-packing plants. One has been connected to the city sewer system o 


i a dual unit vibrating screen to remove most of the suspended material fj 7 


from the paunch manure. They also were required to install an adequate and _ 
_ properly operated grease trap in order to exclude greasy and oily substances ; 
¥ from the system. Except as noted previously, all liquid wastes are accepted — 
the same basis as other wastes. wilt od of oyawse 
A fertilizer plant some distance from the city system asked permission to 
build a private sewer to reach the system, but this request was refused on the — 
a a basis of the low pH of the waste and its high total acidity. _ Laboratory tests : 
have shown a total acidity of 35,000 ppm and a pH of about 1.0. The theo- 
t- retical quantity of water required to raise the pH to 6.0 would be 100,000 — 
4a 


of water with a pH of 7.0 to one part ofthe waste. 


de A difficult problem is that caused by a company that manufactures brown ¥ q : 


paper for making cardboard boxes. The plant uses the neutral sulfite process. 
In addition to approximately 1,250,000 gal per day of general wastes, the | e 
produces approximately 50, 000 gal of waste every 24 hr. 
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INDUSTRIAL wasres 


_ sample taken during normal] plant operation showed that the B.O.D. of the: ov er-— 


a ally waste was approximately 930 ppm, and the total solids were 9,600 ppm. 
over-all: waste is dark brown, has a medicinal odor, a and ‘responds poorly to 4 
primary sewage treatment. — Mixed with approximately 20 X 10° gal per day — 
g city sewage, th the waste imparts a distinct brown color to | the entire mixture, — 
and the same color goes through ‘the sewage- -treatment ; plant “and into, the 
Tennessee River. At low flows in the river there is noticeable color along the i 
an north bank | for hundreds | of yards | below the outfall. — In addition, the waste Fee = 
has 8 a toxic effect on the normal bacteria in the : sewage and may be harmful to ¢ “4 
_ the operation of the digesters at the treatment plant. At present, the waste 
is taken through the plant ona trial al basis, but, in 80 far as removal of color and 
~ solids is concerned, the results have proved little except that the plant cannot 
handle this type of waste. It is probable that the removal of the waste cook- — 
y ing liquor, combined with a more careful operation of the paper plant, will 
produce a ¥ waste that the city, plant can handle successfully and without the 7 


_ Many other problems were investigated prior to the completion of the main 


_ sewage-treatment plant, and some have arisen since the plant began operation 7 
in 1955. An attempt was made to use foresight rather than hindsight in solv-— : ss 
ing those problems specifically relating to industrial waste. No two city sys- = 
tems are the same, and » in all probability, i it wil will be necessary for each city to x 
- derive its own solutions during the various construction phases of interceptors i 
-: treatment plants. The cases that have been presented are typical of 
those arising in Knoxville and include those that have received the most seri- Re 
ous consideration. The city contains several textile mills, but, except for some 
“ease o color problems, no serious trouble is expected from these sources be- 7 


cause the ‘sizable dilution available from. the remainder of the city wastes. 


experiences that the city of Knoxville had with ‘industrial 


e in the city § sewer sy stem and treatment plant show that an bes rad ened 


4 used as a general guide | in the adoption of a local ethane’: ay Nevertheless, 

= special local conditions must be consider ered, and for small cities a short, imple 

“# ordinance is usually preferable to an epucan one. In all cases in which in- 
dustrial wastes are a major problem in the sewerage system, an ca pr 
"consultant should | be employed by the city to sample the individual wastes, 


make analyses, and ‘prepare. reports on the ; proper treatment of each type of aa 
- waste. Experiences such as those described herein are only a general guide — 
other cities in the handling of the problem. 


a ?“Municipal Sewer Ordinances”, Manual of Practice No. 8, Federation of Sewage and Industrial: 
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SIMPLIFICATION OF DESIGN BY. ‘ULTIMATE adi 


Wirn Discussion BY Tune Au; Herman 8S. ‘Scuicx; ZDENEK = 
SosoTKa; MILAN SPANOVICH; SYLVESTER M. 


Ultimate strength design procedures for beams and columns are are developed 
for use with a rectangular stress block. Although the use of design charts is — 
recommended, it is shown that most are simple and practical 


ae 


the first time designers in the United States have a 

_ long-established | methods and the more recent method of ultimate = ttre 

— design. In the new edition of the Building Code of the American Conerete 
u y Institute (ACI), design by this method is permitted as an alternate procedure. _ 

_ Furthermore, the “Report of the ASCE- ACI Joint Committee on Ultimate = 
Strength | Design’®* (hereafter referred to as the report) is a milestone in 4 
reinforced concrete design, providing a sound basis for ultimate strength design. _ 
The use of ultimate strength methods results in designs that are better se 

Jevertheless, ‘some e designers, 

noting the lengthy formulas in the report, are concerned about methods 
which might prove to be more involved and time consuming. The ultimate 
strength theory for flexure, or for combined flexure and axial load, can be simple, my 
and ultimate strength design can also be a simple procedure. Such design is 


_ Norge.—Published, essentially as printed here, in July, 1956, in the Journal of the Structural Division, : 
as Proceedings Paper 1022. Positions and titles giv en are those in effect when the paper or discussion was 
4 Prof. of Civ. Eng., Univ. of Texas, Austin, Tex, very 
*“Report of ASCE-ACI Joint Committee on Ultimate Design,” Paper + 809, 
*“Ultimate Strength Design,” by ACI- ASCE ‘Committee 327, ournal, A.C.I. Vol. 27, January, 
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less complex and more than conventional straight-line 
> report does not Suggest ultimate strength procedures for diagonal 
‘tension an and bond. — Thus, , design : for shear should still be governed by working _ 


= to any di does tot $20.0 vel 
Notation. —The | letter symbols for use in this paper are defined 


Assumed Compression Stress Block.— —On casual inspection, the report 
appears complex. for two basic reasons: First, the committee did not feel that 5 
it was desirable to standardize on a single diagram the stress distribution in Lh 
_ compression. . “A rectangle, trapezoid, parabola, or any other shape which © 
q q results in ultimate strength in reasonable agreement with tests’ may be : as- 
sumed. Secondly, formulas are given for permissible eccentric column loads. 
"Although these formulas appear complicated, similar relationships i in the case 7 
of working stress procedures are not even feasible. The fact that a direct a 
relationship can now be written is evidence of the pute of 
i. designer must choose a specific distribution for compressive stresses. 
“ writer believes that the rectangular stress block i is best adapted to design | 


to give the necessary for design. The presentation herein is 


Factors. of the load factors is important because 
ultimate strength design must be based on moments and shears large enough 3 
to provide an adequate safety factor. The recommended load factors also 
have a second Although that tension cracking under working: 


for a beam the frst two relationships 


a. in which U is the ultimate strength of the ‘ebdtion' B denotes the effect of a 
e. basic load, consisting of of the dead load plus s volume | change due to plastic and 
7, actions, shrinkage, and temperature; . L is the effect of the live load plus 
= and K represents the load factor, which is equal to 1.8 for beams 
subject to bending only. The second relationship gives a larger design ultimate 


beams only when B is greater than L. 


Rectangular Beams.— —Under the provisions 0 of the report, the | possibility 0 of 
a compression failure is is entirely removed by limiting the percentage of tension ~ 
4“Plastic by Charles S. Whitney, Transactions, ASCE, 
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AME tc AN SOCIETY OF CLV! 
‘steel to 0.40 f.’/f,, in which f.’ is the concrete strength and fy represents the 
yield point stress of steel. 7 This is approximately 12% less than balanced steel 
by the Whitney theory using tl the rectangular stress block. . For a value of f.’ 
greater than 5,000 lb per sq in., this limiting percentage will be further ‘reduced 
by 0.025 for each 1, 000 Ib per - in. of excess. All beam design thus becomes — 
design for tension. wi hag igo! ba 9 61 IT 
ae _ A tension failure will always occur when the tension steel reaches the » yield 7 
stress, fy—that is, when T = A, fy. An arbitrary limit on the value of fy __ 
i, used i in | computations is placed at 60,000 lb per sq in. in order to reduce crack z 
at working ;loads. The. ‘compressive stress block shown in Fig. , with 
uniform stress of 0.85 f.’, is considered to be deep enough to make C, the total 


compression in the beam or the column carrying moment, equal to T, which i is 


_ the total tension. From Fig. 1, 0.85 f.’ ba = A, fy, rearranging iila ni { ‘etlires 


Therefore, My = Tjd = Asfy = A, f,d in 


ll 


resents the width of the ae Ba d is the depth measured rway the compression +. 
_ face to the tension steel ; a is the depth of the rectangular stress block; A, oi 
denotes the area of the steel being used; M, represents the ultimate bending — 
moment; and j is the ratio of the distance between resultants of compressive — 
stress and tension stress to depth d. _ Eq. 3 may be rewritten in the form of q 


and 


in 1 which q = and p = The foregoing equsitions are limited to 


¥ a 
; 
— 
| 
ae 
— 
— 
Be 
— 


0 ot greater than 0. 40, ne tha 


54 


to 


1 « 


The design chart of Fig. 2, reproduced report,® simplifies the use of 


- For a beam size e the is the 
AL 


’“Ultimate Strength Design,” by ACI- ASCE 3 
Vol. 52, p. 516, Fig. 4. 
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DEsiGN ‘SIMPLIFICATION: 


(4) 
= For establishing the absolute minimum oe of beam (not always oo 
- most economical beam), the specified maximum value of p = 


-curves terminate a dotted line on the “right at which 
this maximum value ofp. 
accompany this maximum value of p. 


those designed by using the elastic stress methods unless shear controls than “ie 
elie. However, it is not certain that this smaller size will be the optimum — “4 
either for economy or stiffness. When shallow beams are used, the deflections 
' £4 are larger. Balanced steel for working stresses of 1,350 Ib per sq in. and 20,000 
WE ~ lb per sq in. is given by p = 0.0136, which is equivalent to 0.18 f.'/fy. The 
Fe report requires that tl the deflections: be given attention when p is greater than 
0.18 oe * whenever the beams are made shallower than those in 


of minimum are rarely desirable, it seldom be 


and the stright -line design method. 
Even without a chart, the computations as are not sit as shown in the 


a. For a given beam size an value of A, can be estimated 


44 hi q With jd estimated. ‘This value of A, inserted i ‘Eq. 3 will give better 
oa nl of a and jd to use for a better, value of A,. a An alternate peocedure 

woul be to solve Eq. 4b asa quadratic for the required value of 


I, under the heading, “Beams: Solution Without Curves.’’) 


ya _ For the absolute minimum size of beam, ?p must be the =~ 
0. 0.40 to g = 0.40. This value in in Eq. 4b yields 


0.764 d).. y | 


for each value of 
Reinforcement reinforced — 
‘beams seldom will be needed for strength steel can be 


— 
= 
— 
— 
— 
— a 
| 
7 
| 
") 
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an & 

— 
— 
— 
Compared wih the straight-line stress procedures 
beams is simpler by the ultimate strength theory. Desi 
— 
— 
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0.85 f.’. Then T, = C; = 


DESIGN SIMPLIFICATION 


Fic. 3.—Desien oF A Dovste ReInFoRCED BEAM 


My, is found from the maximum p = 0.40 fe'/fy. The remaining moment, Me 


=M- My, is resisted by C2 and T, | as a couple with an arm, d — d’, and : a 


steel stress equal to Wf the concrete is neglected, 
then = A,’ : 


a= 


trio 


= ai 


‘Fe. 4.—U.timaTe Moment For a Given BEAM 


: ‘The foregoing computation can be corrected to consider the displaced 
‘concrete, if desired, | by denoting the | stress on ie compression steel, A,', as 


— 0.85 yA Aa = >, and = — 0.85 


f 
For given reinforcing, not balanced as in the foregoing, the analysis for M, 


Shown in Fig. 4 is recommended » which | is in accordance with Eq. 4 of the — 


— 
aged effectively in reduci — 
= y in reducing the added detection due to creep of concrete). 
__ These beams can be designed quickly by considering the total M, subdivided 
— 
— 
ae 
— 
— 
— 
| 
a = 
} 
— 
— 
= — 
4 
a 
— 
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GIMPLEFICATION — 


= (4. A) fed (1 , fy =a)... 
Eq. 7, By mbol for ba Both A,’ and A, are assumed at the yield 


point stress, and the stress block compression is only deep enough to 


“ie balance T, which equals Au fy, or (As — As’) fy. _ The e pattern shown in Fig. 4 >= 
may be simpler to follow than the formal equation. . In this instance, An is 
_ limited to Pr = 0.40 f.'/fy, or, as is is stated in the report, maximum p — p’ 


ae _ In the case of double reinforced beams, both analysis and Pais a are simpler 
the ultimate strength procedure than by the straight-line stress methods. 
. pe & The compression steel stress is a definite quantity, Sus not a quantity t that must 
be computed after locating the neutral axis. _ The same beam curve 


| 
| 


_ _T-Beams.—The effective flange for a T-beam is limited to a width of six, 
times the flange thickness on each side of the web. 


In analysis such a T-beam acts asa a rectangular beam unless the compression 
¢ block i is deeper than the flange thickness ; that i is, unless 4, as established 


_ as indicated i in Fig. 5. The flange value mould then be 
= te 
= @ ‘in which A 1./ ‘represents i imaginary compression steel and is used in the 5 ps 
tions: as a substitute for compressive strength of the projecting flanges of a 
a b -beam, whereas b’ denotes the width of the web of the T-beam. If py for A _ 


py cad are for the web area beam area) as Pe = 
sod) nt ee beoteied Yon 


| 
— 
= 4 
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D GN SIMPLIFICATION 7 


“adapted directly to give the report equation, 


In designing steel for a T-beam value of M, asimple 
— j@=d-—0.5¢ and an approximate value of A, 


63. Ifa >t, computing Ay from Eq. 8, providing a balancing tension area, 
An = = Ay, and computing = A, fy (d — 0.5%); ifa <t, seeitem6; 
4, _ Computing My = Ma — M: and designing the steel, An, for this mo- 
ment, considering the web only as ‘a rectangular beam (and noting the bos 
limit on A,;, as for a rectangular beam, to a maximum percentage of 0.40 f,’ ‘aan “ 


. Obtaining the total tension steel as A,, plus Aas; and 


|6«66. Ifa <8, computing a value of A, as for a rectangular beam of width b. .. 
- §uch methods avoid the complex problem of locating a resultant C-value or 


jd by elastic methods. one “rectangular beam curve is 
needed to speed up this 


Concentrically Loaded Columns.—The as the theoretical 
‘ood — established column tests in 19383: 
‘in which A, is the gross area of the column and A,, is the cross-sectional area 
of all the longitudinal bars. The report goes much further and recommends 
het every column be designed for r eccentricity, a a minimum of 0.05 times the Jf 
‘depth for a spiral column and a minimum of 0.10 times the depth for a tied 
column. Hence, no o column should be designed d as axially loaded, and the fore- = 
going value of Py is only a theoretical limiting capacity. ‘The values of the . - 
ultimate lead, Pw a short, loaded column will be examined 


= 


= 


than 

; in which Py is the maximum concentric load capacity y of the section with h/t < h, 
15. “For large eccentricities, P, (which is independent of h/t) will often be re 


than P,’ and will govern for either short or long columns. 


_ “Reinforced Concrete. Column Investigation—Tentative Final Report of Committee 105, F. 
Richart » Chairman,” Journal, A.C.I., Vol. 4, February, 1933; Proceedings, Vol. 29, p. 
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For a column with an unsupported length, h, greater than hiteen times its 
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Combined Direct Stress and Bending. —In combined and 
‘the simple ‘relationship, C, used for beams must be replaced by the slightly 
- more complex summation of axial forces equal to zero. In Fig. 6(a), in which ~ 
represents the total force on A,’ an and C. denotes the resultant of the com-— 


report, using the notation of Fig. gives this expression 
= 0.85 bdkuki + A,’ fy — 
‘It will be noted that e can be so small that n no tension is caused, which requ 


| for r the foregoing equation. — saluyaaton aa aa 


8 


cases can fail in sheen: which must fail i in compres- 
sion should be studied separately. The report defines the boundary between — 

_ the two cases in terms of what can be termed the balanced load load, Ps, which is 
equally likely to cause failure in tension or compression, 


Tension Failures—Basic Theory. —w hen : the steel 


owe 
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7 _ troid of the tension steel, is denoted by e; k, is the ratio of the average compres- 
sive stress to 0.85 f.’; and kz represents the ratio of distance between the ex- __ 


ratio of the distance betwee 


Ad 


p=A,/bd om 


~ 


0 


rs 


~ report, and an error in labeling the right-hand ordinate has been corrected. 


ial load which is measured from the cen- 

Eq. 146 the eccentricity of the ax 

to kyd (Fig. 6(0)). The F 

and the resultant of compressive s 

treme fiber h the extreme fiber and the neutral axis todepthd 

12) and Ea 14, k /k; should not be taken as less than — 

and should not be taken greater than 0.85.00 

‘Tension Failures— 12c and Eas. 14 for 

several design situations. This graph (Fig. 7) has been repro > 

i and compression, and — 
each percentage is based on the area, b er 
- 7 ” This graph was developed on the basis of a tra pezol a 


bint Problem 1.—The determination of the minimum column size and u's is 


required for a given load and eccentricity, using symmetrical steel. OFT .pot at 


the value of m is known. _ Symmetrical steel veve 


Because m = 


pm—pm= 0. The intersection in Fig. 8(a) of the line marked “p m—pi'm 
‘= 0” with the vertical marked “limit for the proper | ordinate At 


P. the left. This value. of ‘permits the computation of the 


‘minimum bd. _ the value of bd that is determines ~ 


exact value of = to be used for determining the required As shown 
by the dotted lines’ with arrows in this vem is ca ‘om “2 


‘bd? 


= 
= 


4 COLUMN SIZE AND MOMENT 
horizon ntally to o the value of “4 value of p’ can be 


computed, and p ‘bd ‘yields A’, for ‘the given requires an 
hee 


=e Problem 2 —Assuming that the steel indicated in problem 1 is more than is 


desirable to use, or more than the specifications permit, a larger column should _ 


be considered ; new values of 5 and 3755, ; should be computed; and the ve 
4 required steel should be determined i in the same manner as in problem 1 . Ex ae 


desired vine of However, the preceding p process is short enough to permit a 
~ quick solution by trying several sizes, as in problem 12 in Appendix I I; ‘ 
4 the heading, ‘Columns: Solution Using Curves.’ Lab 
7 Problem 3.—Unsymmetrical steel for any given value of p m — - p’minvolves 
‘no change in procedure except f for the use the ‘appropriate m m)- 


— =* the results are equally applicable to the rectangular stress block. The i ate 
tz: = u 
RY 
& 
re 
= 
— 
— . sic 
a 
a ‘tic 
“= 
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“vy, 


DESIGN SIMPLIFICATION 


—The permissible ultimate moment, My, a given value ¢ of 


Problem 4 
Py on a given can be found by with 
on the in ‘Fig. 80. 


ws. 


5.—The ata given e-distance a given 
‘requires multiple trials and can be obtained more easily from Eq. 9 of the re- _ : 


Wis dewotlg ad ago bd io 
ty + (pm m’) - +p’ m! 
mich w= Aa 64.0 = mort Mol of ono 


Tension Failures—Design Without Curves.—A better understanding of 


sion failures is by considering solutions based on simple 
equations. 
tions are SO pean that there i is little need for curves and formulas. bias oat aah 
The fundamental relationships will be established from Fig. 9. If A, 
7 pe T = C,, and the summation of vertical forces leads to C. = = Py. 
eee value of of fe = = 0.85 ay , the depth, o, oft the stress block must be such that 


| 
i b> = =— 
— 
a 
— 
— 
— 
| 
a 
| — 
a 
j x 
— 
— 
— 
— 


= 0.85 fe bd ky Bee design it is simpler to consider the average « 
oe as 0.84 f.’ and to define the depth of stress block in terms of a = k, ku d. 
eae the moment arm, z, from Fig. 11, the couple, C. 2 (or Py 2), — 
be balanced by the couple, C, (d — -—d'). These two relationships are simple o 
_ use either in analysis or design, which will be illustrated by the following ex 
amples, which are similar to those already outlined for solution by curves. 


ee 1(a) -—The determination of the minimum column size and steel . 


13 gives the report value of Ps, which 1 is the maximum ‘that. can 
"accompany a tension failure. With A, = A,’ and with P, used for Ps, the id 
4 minimum value of b d can be found as follows because : all other terms are known: 


> 90,000 
90,000 + z) 


Be be determined from C, = 0.85 f.’ ba = Py - Because C, is located in the 
4 middle of the stress block, the arm, z, of the (C, and P,)-couple i is known. : ‘The 
: “required value of A,’ = A can be determined by equating this cou couple to the | 
Problem 2(a the required stee etermine in problem 1 (a) is excessive, _ 
Problem 2(a).— —If th d Id ed in roblem 1 (a) is 
the size of the column required for any desired percentage of steel can be found 
“4 by rapidly converging trials. The basic equation is the equilibrium of the two - 


a % couples, written herein for Ade p’ bt t (although A, A,’ = p’bdcan be used with 


=p’ Ph, (t — 2d’). 
in which e’ the of the axial load from the 
troid of the member. eS ora given value of e, with d' and p’ known, any reason- 3 


value of t. ie For this value of t, a can n be computed from C. = 
If necessary, can be recomputed, or z can be computed and used to ‘establish. 
'—Pyz = A,’ f, (d —d’). Problem 12 in Appendix I (under the bending, 
Solution Without Curves”) is a ‘numerical example. 
_ Problem 3) .—The case of unsymmetrical : steel i is more involved, but the 
: : designer ma may find that Fig. 10 leads to a simpler: evaluation, in terms of couples, = 


— he 
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SIMPLIFI CATION 


ctoria, 
are P,yz, clockwise; _ , counterclockwise; and A,’ f, 


counterclockwise. ‘Thus, it becomes apparent that the moment effectiveness 
of A,’ is relatively small because of its small arm. _ From the point of view of e 4 a 
design, A,’ does ‘little: good unless C. has already developed a large depth of a 

Problem 4(a) —The permissible M,, ae for given value of 

Py on a given symmetrical column ean be found directly. Ve Because P, = C., -- 
the depth of the stress block is established. In the same r manner, the steel — 


resisting couple equal to P,zestablisheszande’, 
~ Problem 5(a).—T he ultimate load, Py, at a given n distance, e, for a given 
symmetrical column can also be determined directly . The steel resisting -.. 


couple, A,’ f, (d — d’), the magnitude of the Pea; 


stress block depth, a, is defined by edivg to an 


The only: unknown is 
Compression Failures Basic Theory 
of Eq. 13 establishes the maximum compression that can exist on the concrete e.. 
along with a tension failure. The corresponding maximum Pea of ats 

x block a for this condition can be established from __ 


» hose who | are with Whitney’s analysis will note that this limiting 
z value of a is not his fixed value of 0.537 d but rather a function of f,. For A, - 


A,, the limiting so e condition can be established 


he 


ial, ar 


- steel stress is less than fy. It may become zero or may even ‘hedisks compression. 7 
| In this range, unit deformations must be considered. Analyses based on — 
S formations lead to the conclusion that | over this range, from. tension failure to 
zero eccentricity, an approximate linear relationship exists between the = 
€ load and the moment. 7 _ The Teport recommends that either of two . 


| 

| 

— 
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| — 
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IFICATION 


O5t+d) 


- ; the section. Fig. 11 shows d, d’, and t. This expression is identical to Whit- — 
 ney’s semiempirical equation,‘ except that it is written in terms of e instead of 
and the term, d’, is defined herein as concrete cover, 


12 


ae 


~ 
Bios goo will 


= form of interaction diagrams usable for either tension or compression fail- 


“¢ ures. Because of the spacing of (e’/t)-lines, as shown in Fig. 12,° these charts — 


_ are most suitable for design for values of e’/t that are 1.0 or less. This was the 

reason the PCA curve of Fig. 7 was recommended for design involving tension 

failures, The use of Whitney's curves will be illustrated. 


We 


_ ___1“Application of Plastic Theory to the Design of Modern Reinforced Concrete Structures,” by Charles 
8. Whitney, Journal, Boston Soc. of Civ. Engrs., Vol. 35, January, 1948, p. 29. 
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—— in which P, is the axial load on the section; e is the eccentricity of the axial load 4 -_ 
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— AS \ et! ple 
— 12.—Desten Curves ror Rectancutar Couumns (d = 08 
Compression Failures—Design with Curves —On the basis of Eg. 26, White 
— 


J 


‘DESIGN GIMPI IFICATION 


total steel value iof Pe , equal to 2%, and the minimum sceustiiniiae e’, of 0.1 t 
at SE hese curves use p as a a percentage of the gross column area, bt. For given | 


= 0. L 4 with the curve 


the left (Fig. 12) for a a required value and, thus, ‘ther required value of 
bt _ The only successive approximation eler element involves the cover over the 7 
‘steel—that is, d in 1 terms of t.. _ Curves are available for d = 0.80 t, 0.85 t, 0.90t, 
and 0 .95 t, and the extreme range of values 3 of "R bt ; for these four cases with wae “ 


a = 0.1 t seems to be only ‘approximately | 10%. A numerical example i is shown 
as problem 11 in Appendix I (under the heading, “Columns: Solution Using = 

_ Problem 7. i 


|For a a given value of Py, entering the curve at a given me fs; 
: moving horizontally to the proper (pz m)-curve, establishes the permisible 


value of e’/t, from which the permissible value of e’ may be determined. 
Problem 8.—To design a column for given values of P, and e’, as well se as 
- for an approximate fixed value of p,, requires successive approximations. —: a 
values of d/t must be estimated to select the correct chart. a The value of e’/t a 


must be estimated in order to enter the chart and find the intersection —_ = a 
m)-curve. The fixes a value of 
ordinate, or of =" asthe abscissa. Either value establishes the me size, 


which is subject. to further correction if either or e’/t has has been 
ra Compression Failures—Design Without Curves.—The ‘Use of Eq. 26 directly 
for ‘design proves to be simpler than might be expected. _ ‘The sequence in the _— 
subsequent paragraph i is suggested for symmetrical steel. 
_ An assumption is made regarding the column size, t. — The known concrete 
toa value of — d’, and += in which e’ 


measured from the center line may be given in. inches as 0.1 t. ‘The valueof 


A, can be expressed as p’ t?, ‘in which p’ is the desired steel ratio for the steelon ee 
one face. ‘Substitution these values in Eq. 26, with (? in the numerators left 


43 
4 very sensitive to the assumed value. If desired, a second computation 
can be made on the basis of the new ¢t-value. When t is ‘established, the original © 
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DESIGN SIMPLIFICATION 


“3 
f Eq. 26 can be used to establish the exact required wile ou 
the ars remaining unknown. This procedure i is d described in ra a il i. 
4 ‘Appendix I (under the heading, “Columns: Solution Without Curves”) 
If the value of eccentricity indicates the possibility of a tension failure, it is 4 
ss advisable to compare P, from Kq. 13 with the given value of P, u This analysis '{ 


valid only if P, = Py—that i is, for symmetrical steel 20) 


If Py < P», then tension oe the design. ie 
second de 


involved i in the use of Eq. 26, even though ‘it does nee seem to cidioe the com- 
ot hed” wd) | Alias ‘AL YL 
Tf Eq. 26 is plotted with axes P, and M, = Pye’, 


it is astraight line, 
: 4 8s shown in Fig. 13(a). The approximate line should pass through the point 
on case of of Ps for failure. ure. However, with many 


w Si trade odd 


‘Usable 
ends at 


values of qd’ and f,, it misses the a small 1 mensin. ‘This discrepancy is 


negligible and can be ignored. Only the upper part of this line is significant. 
4 It is convenient to define and use the intercepts on both axes, namely, Po and 

Mo, 


the latter being the ‘computed | ultimate bending-moment resistance, ignor- 


0, My = 0, Py = 085 bt +2 


_ Eq. 28 is the same as the value of Poin Eq. 10, ‘except that iti ignores the concrete | 
displaced by the steel and shows 2 A,’ instead of the total A., to _ The foregoing 
differences are negligible. Therefore, it is He that Py be taken as the 
value of Eq. 10 in cases of 


Au) +: 2A WA 


(30) 
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or 
32 is desirable because it defines what might be the axial 
load. It can be solved by trial—that i is, by assuming the ratio, M./ Mo, com-— 
a puting Po, picking a column, and computing the value of M, of the column to | 
provide a better (M,./Mo)-ratio for use in another trial. ¥ Eq. 33 is an alternate 
form that is useful for checking a column. Both to 
published for the circular column case (however, such curves are presented in 
footnote e reference 2 21 from the closing discussion), or | for the square column with 7 
a circular pattern of steel. r The report contains equations for P,, for both ten- 
sion and compression failures, which indicate that wageye much, as those neice 


cumscribing the reinforcement. Eq. 34 can also ie used for design, as jen 


for the use of Eq. 26 with rectangular columns. = 


‘ag sshd large the column capacity could be limited by tension, ag which 


086 Def We 85 e + inate, 
in which p, equals va + When tension governs, a Se 35 can be » solved quickly, 
for a permissible value of Py at rep given | value of e’ ‘ by using a trial » value. of D 


0. 85 over the. compression : area makes solution for loads” 


= 7 _ When the curve of Fig. 13(a) is replotted in dimensionless form, as shown 7 ie Ses 
— 
a 
— 
on — 
— 
— 
— 
The report equation for compression failure of circular column 1s 
— 
: 
4 
— 
— 
— 
7 _ trials, after which the equation can be solved for the needed value of p; a a eS 
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ESIGN SIMPLII FICATION 


are eccentric about both major column axes the elastic solu- 
tion. Hermann Craemer has presented a straightforward solution’ of this 


abid of ti Concuusions fi 


lead at t once to shallower memb members. Iti is sthe to 
time more design aids ‘will to shorten design» 

procedures. The writer | believes that ultimate Strength design | is not a 


be tter but that it is also simp tet sailor 


with b = 15 in., d = 24in., f.’ = 3,000 lb per sq in., A, = 3.00 sq in., and fy : = 


Solution Using Curves. —Entering Fig. 2 on the right with p= = 300/15 
 & 24 = 0.00833, proceeding horizontally to f, = 50,000, thence vertically to 


jf. = = 3, 000, then en horizontally to the left yields Ids Fes as approximately 370 It Ib per 


« = 370 X 15 267,000 ft-lb ais 
Solution Without Curves.—The maximum value of pis 


50,000 = 
up 


ko D tay Bal po ait datdy astle 


“Skew Bending in by Plasticity,” by Hermann Craemer, J ournal, A, C. L, Vol. 23, 


= 

— 
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— 

— 
desighed With only the aids contained In the report, or even Without such alds. 
— No single case of design procedure is more difficult than that required by the _ 4 P a 
resent working stress methods, and most cases are substantially simpler, 
Appendix I includes several numerical solutions that apply these methods. 
yitimate streneth desion is used to produce shallower beams more atten- 4 
— 
— _ 
«C+ 
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| 
— 
— 
— 
q 
By = J 
— 
—  — The 
— 
i 


» 


DESIGN SIMPLIFICATION | 
Me =3, 0 (50, 000) 22: 276,000 


A ‘The agreement would be closer if a curve with a finer scale. were ccishiilili _— 


_ Problem 10.—Design a rectangular beam to carry an ultimate ‘Moment of om ag 


200 kip-ft with f,’ = - = 3,000 lb per sq in. and fy = 50,000 Ib per sq in. ae wnt 


Solution. —The ‘absolute minimum size would be obtained by using 
40 (# ) - (3 3,000 ) - oxs 


af 1010 7 50,000 


240 =! =>? 


ial Because this would require a careful analysis of deflection, p will be limited. to a 
_ the value of 0.18 f.’/f, suggested by the report as the break point at which such ‘ 


special analysis is necessary. Therefore, Poe 


= 


‘eg 
- 


Solution with Curves. —Entering Fig. 2 with D = 0. 0108, asi in problem 9, 


and reading as ‘approximately 490, the required (b d*)-value is 
> bee a My, _ 200, OP .. 900 
n., then d= 20. 2 in. use eb = 12in, and The” 


000 (12) _ 


batering Fig. 2 with this value, horizontally to = 3,000 Ib. per 
sq in., thence vertically to f, = 50,000 Ib per sq in., , and horizontally 7 
= 0. The required of A. b 


= Solution Without —The minimum beain size be ob- 
tained by computing 6 d? from Eq. 6a. as previously stated, p= = 0.18 

is used to avoid special deflection problems, then q= = ous Ths 


= fi (1 — 0.59 9) 


200, 000 (12) = 3,000 bd? + (0.18) (1 — 0.59 X 0.18) = 482 bd? 


Then use 
slightly 


— 

— 

= 
— 
— 

— 

— 
a 

— 


_ DESIGN SIMPLIFICATION 
‘ 


200,000 (12) = A, (50,000) (21) 59 X 0.18) = 938,0004, 


= 2. 56 
— 


oe The foregoing value is probably more accurate than a a value that can be read r 


it can be refined by using 0. in Eq. 4a. 


OLUMNS 


ian using i = 3, 000 lb per sq in. yore approximately 2% (p.) of steel of inter- 
mediate grade (fy = = 40,000 lb per sq in.). The r report recommends that all iad 
columns be designed for a minimum eccentricity of 0.10 ¢ for tied columns. — ‘Cab 
7 Solution Using C Curves.— —The chart of Fig. which assumes d= = 0. t, w 


and with e’ = 0. 10 t to determine an intersection, 
Pe 400, 000 in. 

= 12. 8 in., use a 13-in.-by-13-in. column. For: 2 Sin. cover, 
he: 8 bars, d = 13 — 1.5 — 0.25 — 0.5 = = 10.75 in. 0.825. 


a. Precision ‘Tequires inte interpolation | between ‘charts a d= 0. 0.8 ¢ and d= 0. 85 t, 


but it be to use the chart i in ‘Fig. 12. actual 
“Ala o¢ 


A horizontal line through this intersects = 0.1tat p, = 0.28. ‘Hence, 


A, = 0.0178 (13) (13) = 3.00 sq in. 


_ use No. 8 bars with an area of | 3.16 16 in 


— 
a 

— 
| 
— 
— 
— 
=! 

| 
A 
— 
— | 
— 
q 


le 
a 


Dy 


DESIGN SIMPLIFICATION 
SIMPLIFICATION 


ate expression 0.5 5t +a the eccentricity, about: the center 
the column = (0.16. - Assume ¢ = = 16 in. ; then d’ = 1. Sin. cover + 0.25-in. ih 


“tes + 0.5 in. n. (for half-bar diameter) = 2. 25 in. Therefore, 


= 1.60 + 5.75 = 7.35 


= 
Becaus 


use p’ is equal to which 0.01 #, A 
substitute ¢ for b because this is a square column. Therefore, 


400,000 = 2:01 (40,000) (3,000) 


“2 


in. then d’ = 2.25 in., = 10.75 in., = 8.50 in., and 

5. 55 in "Therefore, (RE “= a0 4. = 


(3000) 


> 5.55 one 3 (13) (0. 1) (13) 1.18 res x (199 
+ 18500 = 24638 
7 f Because this yields ¢ = 12.7 Ti in., , use a 13-in.- ~by-13-in. column. This computa- — 
- tion is insensitive to a poor initial g guess for t. The same equation solved for — 
400,000 = Au! (40,000) + 1,850 x 13? 61,300 A,’ + 313, 000 Sasa 


- Therefore, A. _ 1.42 sq in.; and, because Au = = 2 A,’ = 2. 84 sq in., use four 


-. that from the chart because the actual value of d is slightly more than the value 
of 0.8 ¢ on which the chart i is based. to" 
mS The same procedure i is available when the eccentricity, e’ , is known in inches. q 


However, if the load is much outside the point, the load 


> 
— 
— 
— 
— 
— 
— 
— 
te 
— 
1 — 
| 


must be compared with P, from Eq. 18. - The foregoing process. assumes a 
a4 compression failure, which will not occur if the actual value of P, is less than Ps. 
_ Problem 12.—Design a square tied column for an ultimate load of 400 kips at = 
an eccentricity of 11 in., using f,’ = 3,000 lb per sq in., , and Por approximately — 


2% of steel ( 40,000 Ib per sq in.). 
“Ts Solution Using Curves. —aAlthough the chart in Fig. 12 may be used, the — 


one in Fig. 7 is better r for designs that involve a Possible tension failure. For 


steel, m— m=0. The smallest possible column: is by 
the intersection of the line for p m — p’ m = 0, with the vertical line on the wa) 
Right fo for = 40 sq in. This corresponds to — = 0.505 


| 


i 
For b = tand d = 08 = = 331 sq in. therefore, ¢ =18. Lin. By! trial, 
select a larger column i in order to Teduce the steel requirement. 
Try t = 20 in. and d’ = 1.5 in. + 0.37-in. ties + 0.5 in. (fon bs half- her’ diam-— 


= 2.37 in. Thend = 17. 63 i 


_ 400,000 (18.62) _ 
3,000 (20) (17.63%) 


To find proceed from = 0. 378 on the left. to intersect. 

“the curve of p’m to intersect the 


ise — 
— 
| 
— 
— 
— and 7 
5 
whieh an what creater than the decired of corresponding 
a 
— 
¥ 
| 


).130 on the right. ‘This 


4 which i is probably acceptable. However, an . additional trial may give a value a 
that i is closer to the desired value of pp, 


Sts ‘19in. and d’ = 2.37 in.; ;thend d = 16.63in.,d — 14. 25 in., and 
b. hain 14.25 = ‘bh mad? j.ni CL = 3 
_ Furthermore, om il = 18.12 in. and 


3,00 000 (19) (16.63) 


ne 


These values in the chart lead to [1 -@ /d)] = 0.173 and de; of 


Use a 19-in. -by-19-in. column. Ae rather | than in 
of the total column area. The required value of Ay is ad’ 


Aa = 2 (0. ).0128) (19) (16. 63) = 8.07 sqin. a 
. - Eight No. 9 bars with an area of 8.00 sq in. are satisfactory, considering the 
possible accuracy in reading curves, with four bars on the compression face and 
- Solution Without Curves.—The smallest possible column would be given 4 
7 “a the value of P, from Eq. 13 is made equal to the known value of P, of 400 ? = 
a kips. With symmetrical steel the last two terms are equal and opposite, thus _ 


1,500 d = 400,000 = 
- The minimum value of bd = 267, or for b= =tand d= 0.85 t, t= 17.7 5 in. 
18 in.; 5 then 2.37 in., d = 


a 


| 
— 
| im, 
| 
i= 
“ig 
— 
‘ 
— 
j 
— 


the conerete, Co equals P. Py. Hence, the depth o of stress block is 


3 4 
— O5t+5 = 11 —9 44.37 = 6.37 in. 
us ay his arm gives a moment of 400 (6. 37) = 2, 548 kip-in, ‘ ‘The moment must be 
- rate by the couple made up of . A, and A,’ , acting at a stress of f, with an 
om to the quantity, d — Therefore, at ted 
Required A’ = 482 sq i in 
per: this considerably exceeds the 1 desired 1%, which would be 3. 24 sq in., 
= 19 in.; then _ = 2.37 in., d = 16.63 in. . and d-d= 14.25 in. 
2 


= 400 6. 63) = 2,250 0 kip-in. = Ay’ fy (@ — d)= = A, (40) (14.2 25) 
Dy = 2 (3. 3.95) /I9? = 0.0128, which is acceptable. a 19-in.- ~by- 
 19-in. column with four No. 9 bars on the face and four No. 9 bars 
on the tension face with An = 8.00sqin. 
‘When using symmetrical steel, the without ¢ curves is as as 
the procedure used in the solution with curves. 


‘Parts: of tension steel area ; 


= = imaginary compression steel area used i in computations as a substi-_ 
for compressive of projecting flanges of a T-beam; 
= total column steel area; ba 
4a depth of ‘rectangular : stress block; 
Bes effect of basic loads in computing etreuigth; 
--® = width of rectangular beam or column ; total width of T-beam ell 


= of web of T-beam; | ot} auras 


F 

i 
4 
| 

} 
| 
— ; 
a 

if 
— 
— q 
(Ge 
— 
— 


= total compression in in beam or in in column carrying I mo oment;, 

C. = total compression onconcrete; 


Sk 
10) todas: a= 


‘= diameter of circular « column; reine by te 
a = = depth of beam or column from compression face to tension i>. salso, el 
in a circular column, the diam diameter of a a circle circumseribing t the be 


’ = cover over steel measured from center of 


= eccentricity of axial load measured from the centroid of steel; aby 
¢ = = eccentricity of axial load measured from the centroid of member; ae, 


= = concrete cylinder strength, in pounds per inch; the ary, 


— 


h = unsupported length; fe tein 
- j = ratio of distance between resultants of compressive stress and tension. OR 
= load factor in computing ultimate strength; fo 
be k,; = ratio of average compressive stress to 0.85 fe, ’ used also as ratio of 


* k= ratio of distance between extreme fiber and resultant of coaitie 


fiber and neutral axis to depth 


= effect of live load onl ‘impact, i in m computation of needed ultimate ui oat ‘ 
= computed ultimate bending-moment resistance, ignoring any weak- 


= ultimate bending moment; 


n = ratio of modulus of elasticity of steel to that of concrete; 
P= - ultimate (eccentric) load capacity of a . column when failure of both toby, 
tension steel and compression area occurs simultaneously ; 
Po = ultimate load capacity of column under concentric load ; Peale, = 


ultimate load capacity of column under eccentric load; 7 


limitation on ultimate load ‘capacity of a long column; 
= symbol f for A. oo. = 
bd d ~ 


| 
2 
— 

— 
“A 
4 : 
— 

Al 
— 
= 

p 
2) 
7 


= slab thickness; : also ‘column thickness ordiameter; 
Ja 
to da aedives bag tod he baswind Yo to olter = 


© baw to ysisaqes ota = 


96 haul alamitin ao soitatimil = 


— 
1 

— 7 

— 
= 
. 
7 
— 

— 

— 
: 
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of the for design of reinforeed concrete members by the 
“sent ‘strength method, based on the recommendations of the ASCE-ACI 7 
_report.2, The paper demonstrates that the ultimate strength method can be 
taught i in the first course of reinforced concrete design as easily as the conven- 
Although the ultimate strength method is conslatenthy: more Logical, it also 
it, has its weaknesses i in the equations for computing the ultimate : strength of ec- i 
' -centrically loaded columns. The equations recommended by the report are 
primarily on the theory advanced by Whitney." The equations 


te 


ae Adjust the constants in the formulas for compression failures so i 
when e is zero, _ P,, will be two and one-half times the value for an axially loaded — 


column as specified in the 1947 ACI Building Code™ = | 


ats These suggestions are not included in the final recommendations for ec- 


centrically loaded columns of any type in in the report or in the latest edition of 


_ 


| seems to be an oversight, and the adjusted values not be 


ber The ‘ultimate strength | of a circular. section a round core to 

‘ “combined bending and axial load 1 is given by Eq. ‘16 and Eq. 17 in the ASCE- 
report. fa However, the ultimate strength of a square section 


has not been given explicitly in the final recommendations. Ri Referring to 


Appendix C of the report, formulas for a square section with a round core can 
_ be obtained easily from the formulas for a rectangular tied column by assuming — 
i that half of the steel is effective on each side of the section, and by using | 0.67d 
the effective distance for the steel. Thus, when tension controls, 
t , » on 


Visiting Associate Prof. of Civ. Carnegio Inst. of Technology, Pittabureh, Pa. 
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developed on a semiempirical basis. Whit f 

. 
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2 ich the derivations of formulas are given, the suggestions are included in pe 
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630 SCHICK ON DESIGN 


when compression ‘controls, aa ue 1 


nh It should also be noted that the balanced load, P,, which is equally likely to 


cause failure in tension or or in compression, has not been given for either a circular” 


and, for circular column with a round 


=gaiwolict edt (« 90, 000 


4 
ot 2 lo 


round cores can be performed completely. veil 


Because a trial-and-error | procedure i is quite often involved i in the 
-eecentrically loaded columns, curves such as those shown in Fig. 6 and Fig. 7 
in the ASCE-ACI report a are helpful in ‘simplifying the design. _ Similar charts — 
for- circular and square sections with round cores have been presented by 


In examining Fig. 7 of the ASCE- ACI. report, as well as curves by 
WN Whitney and Cohen," it is noted that the intersection | of the curve representing 
s tension failure and the curve representing compression failure does not fall 
exactly on the balanced load, P,. The author has indicated that, with many 
~ values of d and o the intesnastion i is missed by a small margin for a rectangular 
‘s tied column. _ The discrepancies seem to vary also with the cross sections of the _ 
& columns. For a square column with a round core, the intersections of curves are a 
a close to ‘the - corresponding values of Pp at fy = : 40, 000 Ib per sq in. . for all — 
values of d. At greater values of f,, the values of P, are slightly less. For a - 
circular column the discrepancies are larger, depending on f, and Closer 
_ agreement may be obtained by using a factor of 4 (0.8 D + 0.75 d) instead of 
4 3 ©. 8 D + 0.67 d) in Eq. 39 as suggested by the writer in another paper.“ 
Herman §. Scuicx,'* A.M . ASCE. —A valuable service has been rendered | 
in emphasizing the facility of design by the principles | of ultimate strength. 
q _ Fig. 2, which is reproduced from the ACI report,? can be changed easily to be : 
a more useful for most design work by using ordinary rectangular Cartesian co- | 


“Guide for Ultimate Strength Design of Reinforced Concrete,” a aN Whitney and E. Cohen, 
Proceedings, A.C.I., Vol. 53, November, 1956, pp. 455-490. 


4 “Ultimate Strength Design C Charts for for Columns ( Controlled d by T Tension,” by 
December, 1957, pp. 471-480. — 


“Structural Engr., Edwin A. Keeble, Archt., Nashville, 


4 
— 
— square section With round Core, Dut 1t Can easily De determined Dy 
= ; i ing proper values of ¢, D, and d into the similar equation for a rectangular tied 
— 
— 0.8 D + 0.67 d 
— 
— 
> 
— 
— 5 
— 
— 
i 
Tung Au, sbid., Vol. 54, 
— 


work will fall 100 Ib per and 900 


Ib pe per sq in., and the most important. o-valats. lie baie 0. 1 nae 0. 2, with the 7 
value of 0. 18 having special ‘significance. ri By using appropriate scales for these ; 
as values, the curves for values of f.’ of 3 M,4 M, and 5 M are easily plotted (Fig. p= ae 
14) to show an acnepete distinction of q-values for the desired strength of con- 


| | SCHICK ON DESIGN SIMPLIFICATION 
ordinates rather than the logarithmic units used in the ACI diagram. The 
“ted ratio, f-’/fy, occurs frequently in the formulas and is fundamental, so that, by 
using the ratio instea 
values of — 

q 
HHA 
f 
VE | 
4 
5 | 


 erete to be used. The value of My will most conveniently be in units. ot ft- aa, 
—. Therefore, it. is more convenient to use the constant, F = b d*/12,000. To | 


facilitate the computation, a nomogram (Fig. 15) has been to 


~ the values of b @ and F for ~ most common values of b and d. ps Eq. 3 can be 
rewritten as a = (A,/b)(f,/0.85f.’), and, in this form, a (Fig. 16) 2 
4 the values of a for the usual values: of A,/b and f,’ Mr 


4 
= 5.—NOMOGRAM FOR bd? a F «= 4 
— 
— 


ss 


shuol 


025 4 


b, in inches 


— 


Value of A 


potas of , wei 
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- the design wae based on the straight-line theory have been presented ex- 
solution of a special problem in the of eccentrically loaded col-_ 
um with double unsymmetrical reinforcement (which fails in tension) will be 
shown herein. The distribution of the ‘reinforcement | between the stretched 

and compressed zone is such that the total steel area, A,,, is at a minim 


The notation listed in Appesdix Il is used. “a = 


FRO 


is assumed to be a minimum in a column with the didiaaseactiandl dimensions 7 


2 andt. Following the author's procedure in Eq. 12aand 126, thesummation 


pe 
— 
ate strength & 
— 
— 
— 
— 


A As fy: 


of moments about the steel, as in in 


4 Ba. 40 and 41 in 430 


ode 


4 ing function of A and Au ™ may be wellten: 


* 


+2 Asfy — Aahy 
085f/ 0h 


for the total steel area, A,:, follows 


ct. 


» +2 Anh 


O25 


the cover over tension and compression is the same—that is, if 


— — | 

— and th 

— 
— | 
> 

| 

‘ 

— 

‘= 

— 
@ 
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Yo ogni de Ad io abraysb oiler to] 
—Neutral axis uy ofT 


» 


adi-lo 


‘ 


Pue- — 0.85 b @+a) Bd- 4a) — A’ fy (d—d’) = 0... (49) 


‘The summation of the moments about the compresio mn steel, as 
+085f'b(d+a) 
—— the foregoing equations, formulas f for the tension ai and ‘compression — 
steel a area in columns with given n cross-sectional dimensions may be obtained as 


P. e — 0.85 fi’ (3d — 


ba 


7 


|  —s- The summa bout the tension steel and the subst 
Gey 
— 
— 
.—l 
hae 
= Bea 
itm 
4 
_ 


0.85 b (d - 


The other is find the depth o of the cross 


_ Eq. 51 and Eq. 52 and letting = 


le = 


a _ section for a given width, b, and the total percentage of steel, pz, , when the total — 


= 


is tha tion with the unknown, t, from whic h 
Lid 


and from Eq. 40, 


— 
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— 
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SPANOVICH ON DESIGN SIMPLIFICATION 


xe ‘The depth, | t of the indienne cross section for a given ratio, h= = b/t, and 


wail of fy + 0.85 fe’ TS + 0.85 


bots of « J Pi fy + 0.85 fe’ ait 


or which s . may be tabulated for different values of the expression on on the — 


side. Then A, follows from Eq. 57 as in the preceding case, and A,’ follows from 
Eq. 40. - Similarly, the solution of these problems for columns with other forms 


cross section and for eccentric tension may be obtained. 
SPANOvICH;! 7 J, M. ASCE Basing all on an 


assumed rectangular stress block, Mr. Ferguson has illustrated some interesting © = 
- simplifications i in design by ultimate strength procedures. It appears that the — 
degree of effectivenes of the simplifications in practical design problems is i 
_ to be proved, because the design criteria for shear, bond, and diagonal tension 
"are still governed by working stress conditions. 
_ With respect to selecting a stress block, it may be as: assumed that the > ultimate — 
d strength procedure i is as 8 versatile as as as rectangular, trapezoidal, parabolic, or other ther — 
compression distributions in reasonable agreement with tests. . Experience 
should bring the more adaptable assumption into specifications. By MF 
fi; _ In reviewing the tables of the report, it was noted that the ‘trapezoidal 
- stress block produces v values that are more closely n related to test results than | 
_ those values obtained by either parabolic or rectangular distributions. The * 
rtaparoeagtr values of ‘ultimate > strength v were all greater | by stress blocks than 
0. 13%; block, 0.19%; and parabolic block, 0. 22%. 


Keeping all failures in n tension and carrying a constant compressive yield 
‘ 


stress ‘simplifies basic. beam design, resulting i in easier tabulations that are 


readily adapted toacharting system. 


 Sytvesrer M. Uureny, A.M. ASCE- —Theory : and design procedures : are 


_ presented systematically and clearly so that an otherwise complex analysis can n 


The validity of this procedure is illustrated i in the ASCE-ACI Joint 
Committee test results.” 


a 17 Graduate Research Asst., Civ. Eng. Dept., Carnegie Inst. of Technology, Pittsburgh, Pa. = 
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3 - 

— 

“= 

— 

— 
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sample strengths, as c 
_ probably due toa iene’ in the actual shape of the stress-strain curves ves of the i 
_ different concretes used. Also, as noted in other tests,’ the behavior of con- 
crete in flexure is different from the behavior of the test cylinder in compression. . 
_ _In examining Craemer’s method? of analyzing a column subject to bending ~ 
_ about each of its major axes, it is seen that this problem is approached analyti- 
eally by assuming a shape for the compression area of the cracked section and 7 
by using iteration to solve the equations. - trial-and-error | method for tension. 
failure design of this problem is proposed herein, which enables the designer to 
isualize the physical behavi ior of the ¢ column. 
n n analyzing a short, rectangular column for bending about its major. axe § 
ying (Fig. 18) should be used, which shows the applied load in it | 


it > 


correct position n relative to the column section and which also shows the location 


of the reinforcing ste steel. trial cracked section is then assumed | with a a 
pression area, Ae. The center of gravity of the tension steel and the compression — c _ 
area may be found by using a steel stress of fyi in tension and ty — 0.85 f.’ in 
compression, and 0.85 fe’ for the stress. solution 

‘10a and Pye = (C. + Ce) 36 
good first approximation of the cracked section can be obtained by approxi- 
mating the locations of the ce centers ers of gravity of the. tension steel and the com- 
pression are area. _ These centers of gravity must be in line with the applied load, a 


in Flexure by Function, by G. M. Smith and L. E. Young, Journal 
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4 ‘The writer is aware that a narrow band parallel to the neutral axis exists in 


which the steel is not stressed to its yield point. ‘However, comparisons ns of the y 
results by this method with test results are needed in order to arrive at a practi- 


a method for locating the band. Mine boilieo be 


Putt M. Ferevson,” M. ASCE.—Each discusser has attempted to extend 
the practical field of ultimate strength design or to make such design still 
; ‘jan _A paper by Whitney and Cohen" should also be noted because it has — 
added design curves for circular columns and square columns with circular 
4 cores, both of which were unavailable in the past. 
a Mr. Au has presented formulas for the balanced load, Ps, for circular 
columns and square columns with circular cores. These formulas are helpful — 
and have not, to the writer’s knowledge, been presented elsewhere. This study — 
: of the differences between the formula value of P, and the intersection of the 
- tension and compression failure lines as given by Fig. 13 deserves further con- 
sideration as ultimate strength design procedures are standardized. __ 
itt The curves and nomograms prepared by Mr. Schick are examples of how 
beam design charts may be adapted to the thinking of the individual designer. _ 
The writer regrets that Mr. Schick did not include specific examples of the use 7 
_ of his curves, which would thereby have demonstrated their advantages. There P 
a was: a scarcity of subdivisions on the ordinates for percentage of steel in wd PS 
‘chart i in Fig. 2 of the report. | ‘Chart 1 of Whitney and Cohen® has corrected a) 
a Mr. Sobotka’s study of the economical arrangement of vaegunisiiained steel a 
in columns is somewhat more advanced than the simplified approach adopted — af 
ang in the paper. As engineers use ultimate strength design, it is certain that ae 
studies will follow and indicate economical procedures. 
simplicity of ultimate strength design makes such studies more feasible. 
_ The comparison between the various stress blocks presented by Mr. “arin 
_ vich indicates that the differences are negligible from the standpoint of practical — “a 
design. _ Iti is probable that research on eccentrically loaded columns can be | 
correlated better on the basis of a trapezoidal or parabolic stress block. How-- 
: ~ ever, practical design i is simplified by the ‘use of the rectangular stress block, and 7 
the resulting accuracy appears to be more e than adequate. 
‘The writer feels that he may have misunderstood Mr. Spanovich’s 8 tate a 
ment about the possible effect of design criteria for shear, bond, and diagonal 
tension on the simplicity of design ultimate methods. 


are more critical in shear than in moment. ultimate 
strength design leads to smaller members, | then shear has more chance | to 
~ control these members. However, ultimate strength design for reinforcing 
‘steel i in members of a given size is not made more complex. After section size is 
established from shear, the steel is simply established from moment. 


Prof. of Civ. Eng., Univ. of Texas, 
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4 
of these changes appear to be identical on working stress methods and 
ultimate strength design, 
4 
|g 


axes, as suggested by Mr. Ulicny, is simpler than the iteration process of re | 
Craemer. Whitney a and Cohen" present a similar procedure. The writer has 
not used either method ‘sufficiently to choose between them. It may be that t 
. choice depends on an engineer’s general attitude toward graphical solutions. _ 
— change to ultimate strength design will probably not be sudden nor 
~ complete i in the immediate future. However, because better balanced designs ~ 
x result with some eventual economies, all efforts toward a better under 
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MECHANISM OF REAERATION | 


DonaLD J O'CONNOR, J. M. ASCE, Ai AND WILLIAM 


The basic turbulent flow has been applied to explain 


flow theory, both isotropic ‘and has belt: utilized to” 
: formulate the theory of reaeration in natural streams that have b been eno oa 


for the analysis, and a theoretical derivation of the reaeration coefficient is pre- _ 

sented. #i Experimental work concerning reaeration under turbulent conditions 

was conducted to verify the theoretical development. Field data from sanitary 
‘ river surveys are presented to show the comparison between the theoretically _ 
values the observed values the ‘reaeration coefficients. 


4 ‘The discharge of organic impurities, , such as municipal sewage and industrial 

wastes, into a body of water presents an important problem i in the field of sani- 
tary engineering. The decomposition of this organic by bacteria in 
their ‘metabolic processes results in the utilization 
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Discussion By Messrs. THomas R. Camp; ALEXANDER N. 

| 

a differential equation of the oxygen balance in a river is accepted as the basis 
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é Phe Feplacement or the oxygen Dy Peacration occurs througn the Water surlaces 

Norz.—Published, essentially as printed here; in December, 1956, in the Journal of the Sanitary Engi- 
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exposed to the An increase in the concentration ma- 
4 terial stimulates the growth of bacteria, and oxidation proceeds at an accelerated _ 

cygen. Every stream 

ois limited i in 1 its capacity to ) assimilate « organic wastes, _ Within this limit there is 
a no more economical method of waste disposal. - Therefore, an evaluation of the —" 
natural purification capacity of a steam is of fundamental and practical value. 7 

The knowledge of the rates of deoxygenation and reaeration is essential to this - 
evaluation. A mathematical development of a theory describing ome in 


Review OF Previous W om = 


Notation. —The letter symbols adopted for use in this paper ¢ are defined 
where they first appear and are for convenience of 
in Appendix. IL. 


the reoxygenation, or reaeration, of the water establishes a a pattern in the 

dissolved oxygen concentration known as “the dissolved oxygen ‘sag. The 
theoretical analysis of this relationship has been presented by N. W. | Streeter 
and E. B. Phelps: differential equation, which describes the combined 
action of deoxygenation and reoxygenation, is as follows: 


= 


Eq. 1 states that the net rate of change in the dissolved oxygen saturation deficit _ _ 


is equal to the algebraic sum of two independent rates. _ The first rate is that — 
of the oxygen-utilization reaction caused by the lastest in the stabilization of | > 
} the organic material. The reaction increases the oxygen deficit, D, at a rate z 
that is proportional to the concentration of the organic material, as expressed by > 
biochemical oxygen demand, L. The proportionality factor, Ky, i is a 


oxygen that was utilized by the organic material. “The reaeration is propor- 
tional to the dissolved | oxygen « deficit, and the negative sign indicates that it — 
_ decreases the deficit. The proportionality factor, Ke, is also a temperature — 

function, but it is a a function of of the turbulence of the stream. am. 1 The nana a 


| 
&g 
“a 


of of Eq. 1 results i in 


oxygen ky and ke are the proportionality con- 
stants based on common logarithms. The value of is the dissolved oxy gen 
deficit at time fundamental derivation of an defining re- 


items i in the Bibliography “Appendix 
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7 f there is no utilization of the dissolved ed oxygen wit within the 
the rate of reaeration may be expressed as 
thes. 


when integrated results in 


Tt has been | found (1) that the reaeration | coefficient, ks, was influenced by 
the hydraulic and the physical characteristics of the river channel. The rela- 
tionship between the coefficient and the hydraulic and physical chanseleaielion eo - 


| 


_ the depth above low v water, in feet; and E and m, represent the suipidladl con- 
_ stants, depending on the physical and the hydraulic conditions of the channel. 
_ The constant, n:, was related to the function, “mean velocity increase per oft 
- increase in the river stage.” 
channel and to factor,” which is a measure of the relative 
roughness of the channel bottom. 
Ey At t approximately t the same time that the results of the Ohio River studies 
were presented, a two-film theory « of mass transfer was. proposed (2). In 
absorption of a gas by a liquid, the gas must diffuse from the gas phase to the 
liquid phase. — The theory is based on the assumption that there are two films, 
- located at the interface, through \ which the gas must pass by molecular diffu: usion 
and below which the concentration of the dissolved gas is uniform. 
Fora gas of of low solubility, s such as oxygen i in water, it has been shown that | 
i. the resistance of the gas film is negligible i in comparison with that of the liquid he 


i in wi hich N Te presents the rate of mass transfer per abil time per unit wel, 


; equals the area through which diffusion occurs; Vv designates the volume of the 
liquid; Kz is the liquid-film coefficient; C, represents the concentration at the 
; gas liquid interface; and c is the concentration of the liquid in the body. fe 
: ‘i Extensive work has been performed and reported in the literature on film 


(3, 4, 5), and several empirical relationships have been proposed 


relating these coefficients to the turbulence factors—that is, the power input of © 
impellers, the peripheral speeds, and the superficial air velocity. The validity 

of the two-film concept has not been tested adequately, but it has provided a a _ 
convenient m method of ‘analysis sis and a means of reporting data or on gas 
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From Eq. 3 Eq. 6 it follows that ta 


which is the average depth of the liquid. 
7 -~* It has been assumed in Eq. 3 and Eq. 6 that the concentration of the dis- 


4 solved oxygen throughout the depth of the liquid is uniform at any p particular 


_ time, and that the diffusion through the depth does not control the over-all rate _ 


Tn the case of a stagnant body « of liquid, the rate of 
re the rate at which the oxygen is transferred by molecular diffusion throughout — 
the as by Fick's law of diffusion— > 


in which Dz represents of molecular diffusion (diffusivity) ; 
_ Om/dt designates the time rate of the mass transfer ; and dc/dy is the concentra- — 

tion gradient in the direction of diffusion. be 4 y 
From Eq. 8 it may be shown that ot ai 


«I ‘Eq. 9 states that the rate of change of the concentration of the dissolved gas 


he 0 occurring at any point y is proportional to ) the differential of the concentration 


a _-Kq. 9 has been used ©) in a mathematical analysis, assuming the e following 


7 doi 
Using these a was ‘presented for the av average 


tion of oxygen in a CC column of water, h mT deep, which, when expressed in terms 4 
of the dissolved « oxygen deficit, is 


in which = and ¢ represents the time of exposure. 2 


On the basis of this equation and experimental determination, a value of 1. 420 
“sem perhra at 20° C was | determined for the coefficient of molecular diffusion. 
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"The I International Critical ‘Tables (7) give a | value of the diffusion 1 coefficient of 
oe Ss gen in 1 water as 0.0713 sq cm per hour at 18° C. - Other investigators (8) 
a have indicated that in the determination of the wahies of 1.42 sq cm per hr at 4 v6 

20° C apparently the combined effects of molecular and eddy diffusion were 

‘aeahenh In n order to ) apply Kq. 10 to turbulent flow in a river, the | assump- 


lent condition of successive periods of perfect quiescence 
which there is imposed instantaneous and complete mixing. The 
‘Tag 


= 


a 4 the logarithm of the time of exposure is a linear function of the forward- flow : 
% velocity and that the time increases with the depth of flow. Ga ‘The rate of change — 
ie the dissolved oxygen deficit may be determined by a stepwise procedure. _ 


aR. c = C, when y = 0a) 


Using these it can be shown (11) that the rate of mass transfer 


ac 

in in which N,, is the rate of mass transfer per unit time per unit area, wolley i" 
__ Eq. 11 expresses the rate of the absorption of a gas at the surface of a stag- 5 
nant liquid of infinite depth asa function of the time. = 
‘in Eq. 10 and Eq. 11 are based on the assumption that the absorption of “ion 
q by a body of liquid is purely by molecular diffusion throughout the entire depth 
_ ofthe body. However, in any practical case the mixing, which is caused by con-— 
4 -Vection and currents or by turbulence, , invalidates the of 


s usual assumption has been that there were successive periods of perfect 
quiescence between which there was imposed completeand instantaneous mixing. 7, A 
This assumption has “necessitated an empirical determination of a fictional i. 
period of quiescence, _ whereas the true physical picture is one of continuous = 
turbulent mixing. However, Eq. 3 and Eq. 6 are applicable i in cases in which y 

the fluid turbulence is a significant factor. The only condition necessary for 

their application i is that the concentration of the dissolved gas should be uni- - 


- form in the’ body of the liquid at any particular instant. However, the ad- 
vantages that these equations gain through simplicity are lost through — 
‘ity because t the coefficients encompass all the variables that influence ee 
-process. 

\Geenned'é as a function of the variables involved in turbulent Seow. The co- 
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must be the. equations can be ap- 
plied. wed iq mo pe C1700 gi 
The following theoretical development presents a mathematical 
tion of the formulas, defining the reaeration coefficient for turbulent-flow condi- 
tions in natural Modern in fluid mechanics have 


it is pertinent to — some of the basic concepts of fluid turbulence that are © 
applicable to the process of reaeration in turbulent flow. 


wad Gat Basic Turory OF ‘the 


‘Turbulent flow consists ofa complex secondary motion, which i is superim- 

posed on the primary motion of translation. Turbulence i is characterized by 

- eddies, which transport particles of fluid from one layer to another with vary varying * 
velocities. _ The eddy motion, which is erratic and seemingly unpredictable, — 

7 ean only be defined in a probability sense. Thus, the principles of statistics P 
a used in order to define quantitatively the parameters of turbulence, such as” 


the size of the eddies and the velocity fluctuations. 
_ The velocity at any point in turbulent flow varies in magnitude and in di- 
rection. It is convenient to represent the velocity vector by velocity compo-— - 
nents along the three rectangular axes. ‘The velocity i in the direction of flow, ; 
_ which is taken along the z-axis, is represented as U + u, in which U is the mean ~ 
velocity and u represents the fluctuation. . The fluctuation of the velocities — q 


along the other two axes, y and z, is represented by v and w, respectively. The 
fluctuations, u, v, and w, vary with time, and, by definition, the arithmetic __ 

means must necessarily be zero. It has been shown that these fluctuations 

_ follow the normal error law, thus indicating their random nature. A significant a: 

la average is the root-mean-square or the standard deviation of the component, v, — 


: a walocltey gradient, is approached in the flow downstream from the screens, in a 
hydraulic jump, : and in the center of a deep and wide-open channel. Noniso- 
¢ tropic turbulence is characterized by a a significant correlation between the vel- 
_ ocity fluctuations and by a velocity gradient and shearing stress. Nonisotropic = 
- turbulence i is § shown in flow in pipes and i in comparatively shallow / open channels. 
Bus Although the velocity fluctuations define the intensity of turbulence, some a 
_ linear measure is required to define the scale of turbulence. In this regard the ; 
mixing-length hypothesis has been presented by L. Prandtl (12). The velocity — , 
component, », is related to the forward-flow velocity gradient by assuming that Ei | 
_ the vertical flow produced by the eddy is effective over a distance, /,in the y-di- 
rection. This relationship may be expressed by bats 
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he turbulence is referred to as iso- 
fluctuations in the diferent directions, the turbulence is referred to as iso- | 
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- signifies a distance that a particle moves from its point of departure from the a 

- mean motion to its point of remixing with the main body of the fluid. | It is po 
doubtful whether it is possible to assign a more definite physical meaning to the 
mixing length, but this length is a measure of the average size of the eddies that i 
are responsible for the fluid mixing. Pi Kq. 12 applies to the turbulent condition 

_ in which a velocity gradient exists. Because it is possible for the turbulence in : 

e a natural river to approach isotropy, in which case the velocity gradient ap- 

/ proaches zero, , it is ‘appropriate to consider the approach taken by Geoffrey I. 
Taylor (13) : and developed further by him (14). _ The approach is based on the 


- principles of statistics and leads to a more ‘Precise | definition of the mixing 


is clear that whatever | we ‘mean by the: diameter of an eddy of turb- 


‘4 the other hand, the correlation is 3 likely to be small between two aa 
situated many eddy diameters apart. If, therefore, we imagine that the cor-_ 
4 relation R, between the values of the speed at two points distant y apart in ~ 
ws the direction of the y / coordinate has been determined for various values of : 
oe we may plot a curve of R, against y, and the curve will represent the 
statistical d distribution of the velocity fluctuation along the y-axis. 
(on falls to zero at y equal Y, then a length can be de aera such nthet “i 


eat: length *** may be a Pom definition of the avenngt size of the 
_., The preceding analysis can apply to both isotropic turbulence and noniso- 
_ tropic turbulence, although the available research indicates that the analysis is 
used primarily in the > former ca case. _ Prandtl’s mixing-length hypothesis s refers 


only to nonisotropic turbulence. “The relationship the shearing stress 


and the velocity ‘gradient i is as follows: 3 


which + ris shearing s stress, at 


4 


flow. Just as the viscosity depends | on and mean free 


path of the molecules, so does the eddy viscosity depend on the velocity and — 


4 variation of the mixing length and the velocity fluctuation as indicated by Eq. 
--'14,«‘In an actual river the eddy viscosity varies with the depth and the width 


a of the channel. __ If the flow is steady and uniform and is limited to the caseofa 
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wide the eddy be a function the depth, only. In such a a 


- x ai the variation of the eddy viscosity with the depth is as follows: Rinyla ) 
oF ty otitg =K y | 


in which To is ‘the bottom shear x is the von ‘Kérmén universal constant 


a having the value of approximately 0.4. In this case the axis, y = 0, is taken 

at the invert of the channel. — Eq. 15 indicates that the value of the eddy vis- 
prin from the | surface, and the eddy 1 viscosity is zero at the surface and at the 7 
bed. Itis probable that its value is not absolutely zero at the surface, particu-— 
larly in in cases: in which surface agitation is evident. — However, experimental 


functional trend of J E Eq. 15 as 5 close to the sarface as . was possible to make the ca 


wall The simultaneous transport of fluid particles between the adjacent layers 
- involves the transport of any inherent characteristic of the fluid, such as the © 4 
heat content and the concentration | of dissolved material. _ This ‘process is 
‘usually referred to as eddy diffusion or eddy transport. . ‘The time rate of 


change af this at any pat be as follows: 


in which Nor represents the rate of transport , of: the characteristic in the y-direc- 
tion, D, denotes the diffusion coefficient, and j represents the concentration of : 

os 4 the characteristic. The negative sign indicates that the transport is in the : 

direction of decreasing concentration. The diffusion coefficient a 

eombination of the velocity and the length which describes the mixing» or 
diffusion process. In a turbulent condition of flow, the eddy-diffusion 
: efficient, D,, is approximately equal to the eddy viscosity, e. The approximate 
a equality has been indicated (15) by studies that have been made of the diffu-— 


: sion of droplets of dye (16) having the same density as the water in which the 


The basic concepts « of fluid turbulence and the fundamental al laws 0 of seration 
ation are used in the analysis and the solution of the problem of reaeration 
turbulent-flow conditions in a ri 


The passage of oxygen from the atmosphere to a » body. of turbulent fluid 


_ * may be described in the most complete and general manner by the two-film — 
concept. The ‘concept, when in form ‘similar to Fick's 


(17a) 
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in which (dc/dy), is the concentration through gas film; (dc/dy)2 


represents the concentration gradient through the liquid film; (dc/dy)3 desig- = 
- _ nates the concentration gradient in the body of the liquid below the liquid film ; = 
De denotes the molecular ‘diffusivity of the gas through the gas film; Dui rep- 
4 resents the molecular diff usivity of the gas through the liquid film ; and Dz is ithe 
eddy-diffusion coefficient of the gas in the body of the liquid. bas 
i th addition to the molecular diffusion through the gas and liquid films, Eqs. no 
17 also include a factor for the eddy diffusion through the body of the liquid. B > 
c In the majority of cases of natural rivers, turbulent flow prevails. . The value 
a of the eddy-diffusion coefficient is of the > same order c of magnitude as that of the 
4 eddy viscosity of the fluid as previously described. That the control for the — 
entire process is the liquid film may be seen apes ™ following approximate 
values of the coefficients: p0 90 To toe sito od T 


ona = 0.00008 sqftperbr 
diffusivities gas ‘film the liquid film are temper- 
7 et functions, and the indicated values are those at temperature conditions — 
of 18° C (7). - The magnitude of the eddy viscosity depends on the physical — 

and hydraulic characteristics of the channel as given n by Eq. 15. An 


for the eddy may computed from 15 as 


os lo sans oft ot holly 
‘By using Eq. 18}, the mean value of the eddy viscosity was computed for each 
iver, which will be referred to subsequently. The value of 50 sq ft per hr for fo 
is the n minimum of the values thus computed. Because the eddy diffusivity 
_ _ is so great in comparison with the diffusivity through the liquid film, it follows _ 
_ from Eqs. 17 that the concentration gradient throughout the depth of the liquid 
. is extremely small compared with the gradient across the liquid film. In all Pe: 
2 J practical cases the concentration of dissolved oxygen throughout the depth of _ 
4 the liquid body may | be considered as being uniform. This fact has been sub- 
4 stantiated by actual measurements of dissolved 0 oxygen gradients (17). Itt may 
P : ; also be concluded that Eq. 3 and Eq. 6 can be applied to the case of reaeration mod 
in a river because the only condition necessary for their application is that of _ 
- the uniform concentration of dissolved oxygen throughout the liquid depth at _ 
any particular time. Eq. 10 is not applicable because it fundamentally defines — 


q 
ae case of molecular diffusion throughout the of the ‘body. zi 
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in the vicinity of the eunlenn,: ‘turbulent transport is is so great compared with 
molecular diffusion that the latter effect is ‘insignificant. a Molecular diffusion 
4 the controlling factor at a point close to the surface where the eddy vis- 


a finite value at the surface, it is to conceive of the existence of a 
film, but with the elements of this film being continuously replaced 


it defines the rate of gas the ‘surface of the body of water. 
However, this equation was developed on the basis of an infinitely deep liquid, 
“andj its 8 application t toa liquid fil film of § small thickness i is doubtful. en The conclu-— 

4 sions concerning reaeration for turbulent flow, which may be made based on 7 
preceding examination, can be summarized as follows hn 

1. The liquid film at the water surface is the controlling factor in the process. 
a 2. The concentration of the dissolved oxygen may be considered as being 

oe mig ‘The effect of turbulence on the liquid film at the surface must be = 


changed for liquid from the main body. Any particular part of the surface 
may be replaced at any time after its creation. At that instant the concentra- — 
tion of oxygen is equal tc to that of the main body. fo The concentration becomes — 
saturation immediately, and the transfer of oxygen across the | surface i is ace 
transfer is governed by the concentration gradient, which is a function of time. 
The rate of transfer across this part of the surface will depend on the length of 
time that the surface has been exposed to the atmosphere. . The over-all rte 
of transfer must therefore depend on the distribution of ages of the surface ele- 
ments, which, in turn, is controlled by the state of turbulence. — The — 
defining this age distribution has been considered to be that presented by P. V. — 


the average rate of absorption is assumed to be uniform over the area. a 
elements at the surface, which have been exposed to the atmosphere for varying a 
2 lengths of time, are replaced by those arising from the turbulent motion of o 
4 body of the fluid. Hf The mean rate of surface renewal, r, is assumed to be c con- 
$a stant. | Because of the random nature of the turbulence, the chance of any oa 
of the surface being replaced i is ‘independent of its time of exposure. ME Lgl 
se x ‘For any given unit area of surface at any particular instant, there isa a igi 
_ tribution of ages ranging from zero (just replaced) to infinity. The 


is defined bya function, f t, in which is the: relative p of the 


: 
al 

4 
* 
— 

— 
— a 
4 
— 

19 is the function defining the distribution of surface ages. 


As shown previously, the fundamental © equation of transfer for the unsteady p. 


The e boundary conditions which may during the time when the 


c=C when ¢ > O and y = 
wheal = co whent > Oandy = 


In the distance from the surface, y = Otoy = Y e diffusion is s molecular, 
as predicated by the basic equation of Below this distance, 


> 

sulay G- — co) (Dir) coth | 


The term, r, in Eq. 23 and d Eq. 24 i is the av verage rate of of replacement oft tei sur- eS 
The existence of a laminar film at ‘at the of a as implied previ- 
ously, results in a mathematical model that seems to be a good representation Pe a a 
- of the physical conditions. The concentration of the dissolved oxygen can be 
less than the saturation value at a point near the surface, although it would 
that at the interface the concentration 1 must, be that of ‘saturation. 


t 7 By substituting Eq. 19 for the area in Eq. 8, the rate of transfer of oxygen es La ee 
across a unit area of surface may be expressed as follows: = = | 
— 
a 

— 
_ If Eq. 22 is multiplied by and integrated with respect tot between the __ 
4 
q 4 
q &g 
4 
| value of Dz equals 0.00008 sq ft per hr. The value of Yz equals 0.04 cm when © 93 a 


the coth term in sii: 25 equals 1.01. if the | Gim has a ities greater than 
0.04 cm, the value of the coth term is closer to unity - Iti is doubtful that the 
exact “magnitude | of the film thickness can be determined. However, reported | 


values (4) approximated from experimental data may be compared with the 


value of the film thickness as defined previously. _ For a comparable condition 7 
_ the thickness of the film was 0. 08 cm. For most practical cases it may be - 
4% assumed that the value of the coth term is close to unity, pes th = 
a Tf a laminar film does not exist at the surface of a stream, an alternate 
_ mathematical mc model may be us used to dev elop a relationship defining the r¢ reaera- 

tion coefficient. ol Al body of water of average depth, H, beneath : any part of the 
surface area is assumed to remain quiescent for intervals of time during 


4 we gen is is absorbed fg molecular diffusion. At various is times, defined by r,the 


= Vredw 
7 The third equation must apply because there can be no transfer across the 


bottom. Ki From a mathematical development similar to that of Eq. 24, eae 


> 


Dr ) 


lon 


foregoing boundary conditions i in Eq. 25 are identical with those used previ- 
= (6). However, in the present rate of the surface renewal 
rH? 


been considered. the at 2. 65, tanh term 


equals 0.99, in increases, the of unity. 


_ Based on the same conditions for r r and Di i as used previously, the value of H : 
equals 0.04cm. In other w words, the av rerage depth of the stream must be equal — 
to 0.04 cm for the tanh term to have a minimum value of 0.99. It is obvious 
that for all practical cases term may be taken as unity. It can 


ep and second, the concentration does not change with time. It hes 


been shown that: the. first assumption is valid fer turbulent in a ‘Tiver. 
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the same boundary conditions used in the development of Eq. 11, the 
a equality indicated by Eq. 26 was also developed. Two assumptions are im- 
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iT he second assumption is fulfilled i in any reaeration process in which the time a 
a renewal is sufficiently short that the concentration can be assumed to 0 re- a 

constant within that time. It will be shown that the time of renewal 

ranges from 1 sec t to 100 sec, which i is of sufficiently short enon a that the 
assumption of a constant concentration is valid. uid ewollot 
Before Eq. 26 or Eq. 27 can be applied, the rate of surface renewal, r, must 


be related to the turbulence of a A river and expressed in terms of measurable 


OBI 
OF ‘THE or Surrace RENEWAL 


_ motion to the location at which it mixes again with the main body of the fluid. 
_ Therefore, only particles within a zone defined by a mixing length from the . 
surface will affect the renewal of this s surface. _ Furthermore, any particle lo- 
cated at a distance greater than the mixing length from the surface will be 
elected from its vertical path | before reaching the surface. It can be reasoned 
that vertical flow exhibiting small length and great velocity characteristics will 
: cause a greater rate of surface renewal than a flow of great length and less vel- — 
= ocity. Therefore, the particles at the surface are replaced at a rate ditectly 
- proportional to the intensity of turbulence and inversely proportional to the 
of turbulence. Surface renewal can be considered to take place a 


ad 


Paget any point, the time period defined by Y Ea. 28 will vary due. to ‘the 
random nature of the variables involved. However, because the length and 7“ 
the velocity a are average values, t is the he average time during w! which the surface - 
renewal takes place. It can be shown that according to the Prandtl theory 
_ and by actual measurements the values of the parameters in the vicinity of the 
surface vary approximately i in a linear fashion with the depth, the values 
- aa approach z zero as the distance to the surface is decreased. As in the case of P 7 
“ 4 the values of the eddy viscosity, it is probable that the values of the parameters 
are not absolutely zero at the surface, If the values 3 of th the parameters are e ZeTO, 
- their ratio is not necessarily y zero. * Because of the linear variation of the } param- 
eters with depth, their ratio is tn constant within a distance defined a - 


dimensions or characteristics of the channel. ue onley 4 
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Turbulent Tow, momentum, mass, heat, or any inherent characterisuc 0 
_ fluid can be transferred from one layer of fluid to another. Therefore, the 
basic concepts of turbulence can be used to determine the rate at which particles 
7 . at the surface layer can be replaced by particles arising from the turbulent j ce 
; _ motion in the body of the fluid. The intensity of turbulence can be defined — a oe 
some mean measure of the velocity fluctuations, such as ||, and the scale 
z . _ of turbulence can be defined by the mixing length, J. The latter signifies a — 
= ___ distance a particle moves from its point of departure from the mean forward _ - — 
j 7 | a 
» 
“dl 
q 
i 
@ 
— 
— 
4 
( 


The development « of an’ expression n for the rate of surface renewal is confined — 


‘int this case to a condition of a marked velocity gradient which is characteristic = 


of nonisotropic turbulence. goss Rearranging the basic relationship stated in Eq. 


_ ‘The ratio between the velocity fluctuation a and then mixing length bn: been 2 > 
sumed to define the rate of surface renewal. Therefore, =| 


4 Eq. 30 states that mS of the aided e renewal equals the velocity gradient | 
3 at the surface. The rate at which the surface layer moves with respect to the _ | 
ijacent layer is accompanied by a shearing action, causing a vertical displace- 
ment of fluid particles, which, in turn, is responsible for the rate at which the 
ch - It has been shown (19, 20) that thew von Kérmén universal logarithmic vel- a 
_ocity law for pipes can be applied to the case of uniform two-dimensional flow y 
in an open channel. The velocity as a function of the depth can be expressed an 
‘In the foregoing equation, Um is the mean velocity. Differentiating this 


bed 


(32) 


mec to 
ev has been reasoned that only the particles within a distance to the surface ? 
‘ 


“equal to the mixing length affect the rate of the renewal and, therefore, y may 


* taken ¢ equal to H without significant error. ‘Hence, Yo add 


The value of the von K4rmén universal constant, is generally as equal 


a to 0.4. - Actual measurements in both the field and the laboratory in indicate that a 
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| in streams carry ing a load and i in in which the height 
of the roughness elements is of the same order of magnitude a as the depth of the 
_ flow. This effect is indicated further by extensions of the mixing-length theory, — 
such as that presented by C. G. Rossby and R. B. Montgomery (24), in which a 
"measure of the surface roughness has been | included. Nt Therefore, any theory 


that considers the roughness elements is more appropriate for natural rivers. Ng 
However, , because of the difficulty of establishing the roughness parameter in — 


_ any given stream, x has been considered to equal 0.4 in the case of nonisotropic — 
wee functional formula expressing the reaeration : coefficient; ke, in terms of 

physically measurable parameters can be developed directly. Substituting 
value of r, as indicated by 35, in 27 and accounting for the dimen- 


the cases deep channels, it is possible that the 


= 
may approach an isotropic ex condition. | Inspection of Eg. 32 indicates 
that as the: depth i increases and the bottom shear decreases, the velocity gradient ; 
approaches zero, which is characteristic of isotropic turbulence. It follows that 
Eq. 12 cannot be used to define the ratio of the mixing length and the e vertical 
r velocity ‘fluctuation. - Regardless of the fact that the velocity gradient may be > 
a zero, a8 in the case of the center of a pipe, the eddy viscosity has a finite value : 
because | heat or mass can be transferred across this plane. Because has a 
value greater | than : zero, the » mixing: length ‘and the vertical-velocity fluctua- 
tion also have finite values. The approach described previously (13, 14) is 
appropriate in this case. However, the turbulence parameters, 4 asdefined by 
the theory, have not yet been related to the } physical dimensions and the char- e- 
= acteristics of a channel or a pipe. Additional research in this field is required — 7 
before a determination can be made concerning the form of the velocity cor- 
relation curve. f re. The only way to ) obtain values of the turbulence ‘parameters is 
_ by a direct measurement. - Values of the mixing length and the vertical-vel- — aaa 
ocity f fluctuation from m actual m measurements of the Mississippi River have = 


presented (25). _ Comparable 1 values for estuaries have also been ret reported (26, 
27). The mixing length and the vertical-velocity fluctuation were epproxi- 


7 ‘surface renewal, which is 


36 defines the reaeration coefficient for the case of nonisotropic turbulence 
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‘The rate of the surface renewal for nonisotropic turbulence has been defined, ry 
. a value has been approximated for isotropic turbulence. Therefore, it 
follows that, for an engineering application, it is necessary to determine the 
ef *. nature of the turbulence that prevails in any particular river. There is no : 


Ew: 38 approximates the | reaeration coefficient. for the case of isotropic ie 


sharp line of demarcation betw een isotropic turbulence and nonisotropic tur- _ 
_bulence. The transition between the two types is defined by a range within . 
_ which b both may exist. - When considering the case for which the effects of each — 


‘equal, it is observed that the rates of surface -Tenewal, as defined by 


tile: via 


4 Eq. 396 is equivalent to the Chezy formula for flow in open channels. Assum- 


ing that k ranges 3 to 0. 4, the coefficient, C, has an approximate 


associ 
turbulence. the can be assumed to ben non- 
t isotropic in cases for which the value of C is less than from 14 to ” and isotropic = 
4 for cases in which the value of C is greater than from 14 to 20. ‘This range is 
: also influenced by the ratio of the vertical-velocity fluctuation to the mean-flow 
s velocity and by the ratio of the mixing length to the average depth, both of | 
which were assumed ‘to be 10%. In this study the distinction between the two 
types of turbulence was based on a value of C equal to 17. In cases for which © 
it was not possible to estimate the value of C, the differentiation between the 


two types of turbulence was based ona criterion 0 of depth. the depth was less 


than 5 ft, turbulence was assumed to be nonisotropic, and if the depth was 


greater than 5 ft, it was assumed to be 


EFFECT or TEMPERATURE ON THE ‘REAERATION Cozrrictent ib a. 
_ om ‘The effect of the temperature | on the coefficient of molecular diffusivity i is 


given by the Stokes-Einstein equation (28): 


lay “won 


4 in which Tawi is ‘dnd the coefficient of 
viscosity. If the coefficient of molecular diffusivity at any single temperature | 
is known, the value of th the constant, B, may be computed. A determination of 
the effect of the temperature on the reaeration coefficient may be made by sub- i= 
stituting Eq. 40 in Eq. 27. ‘The substitution results satan 
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REAERATION 


seit ker (ka. 20) 1. .0167- 


in which ker represents the value of the reaeration coefficient at temperatureT; 
20 denotes the value of the reaeration coefficient at 20° C; and designates 
temperature in degrees Centigrade. Eq. 42 has been used in the stream surveys 
that will be referred to subsequently. _ The ratios of the reaeration coefficient 


at 20°C to those at other temperatures, as as computed by Eq. 41 and Eq. 42, 


L—Errect or TEMPERATURE ON THE 


Temperature, in degrees _ Coefficient of diffusion, Ratio of reaeration 


Computed by Eq. 41. Computed by Eq. 42. 


= 
are indicated in Table I. A comparison of these ratios indicates that the 
is on the order of 2% between the two formulas. 
The Stokes-Einstein equation has been used to determine the effect the > 
the coefficient of molecular diffusion. Ae 


‘Descaterion OF EXPERIMENTAL APPARATUS” AND 


‘The critical point to be verified in the theoretical development is the rela- 
: ~ tionship between the reaeration coefficient and the rate of surface renewal, as — 
4 indicated by’ Eq. 27. The experimental apparatus consisted of a lattice work a 1 
- oscillating vertically i in simple harmonic motion, which created a uniform de- bation 
gree of turbulence throughout the fluid (30). lattice work was composed of 
three layers of screens, which were in. apart. Each layer was composed 
o of two aluminum screenings, which were soldered together : so that the openings ~ 
of one were bisected in both directions by the wiring of the other. The net 
- opening was ¥ in. square. _ The cylinder was approximately 5} in. in diameter 
and contained 6} in. of water, which was approximately 2,500 ml of water. ‘= 
The frequency of the oscillation of the lattice work was varied from 45 rpm to re 
- g length was proportional to the scale of the 
ne lattice work and to the amplitude of the oscillation (both of which were con- __ a7* 
stant), and the vertical-velocity fluctuation was proportional to the frequency — 
of oscillation, which was varied as described. The rate of the surface renewal 
would therefore be proportional to the speed of the oscillation. The amplitude — 
7 _ of the oscillation of the lattice work was approximately equal to the depth of Fad 
ae the water. This condition insured a uniform concentration of dissolved oxygen) 


throughout the In al tests the s surface water was slightly above 
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a only by the fluid turbulence one not by the lattice w work breaking the wurface, 


used and dissolved oxygen concentrations were siaieeiiadh by the polographic 
method of analysis (31). _ Samples were taken at from | 5-min to > 20-min i inter- 7 
— depending on the speed of the oscillation. The temperature was measured : 
at the time that each sample was taken. The reaeration coefficient, k2, was 
Geena graphically from a plot of the time periods of aeration versus the bi 
logarithm of the dissolved | oxygen deficits. In the second set, a sodium sulfite a 
solution was used. This method is based on the assumption that the rate of _ 
change of sulfite to sulfate is a direct measure of the rate of reaeration. - The > 
- initial concentration of the sulfite was 8,000 ppm for each test, and its concen- 
tration was measured (32) at 2-hr or 3-hr intervals for a period of 12 hr. The 
pa _ average change i in the e concentration of the sulfite per hour was determined by 7 
the method of least squares. Although the sulfite method has been used fre- 
in the past as a means of measuring oxygen gen transfer, it it has been criti- 


‘TABLE 2.— EXPERIMENTAL Data 


Speed, in hans degrees coefficient Speed, in rpm _ degrees oefficient 


perhour 


- 
a 
4 


_ cized recently by some investigators. The pertinent test data and the com-— 


puted Teseration cosficent ts for both experiments are re shown i in Table 2. sal 


In order to verify the relationship between the reaeration coefficient and 
bed the rate of surface renewal, the computed test coefficients were plotted against a 
the square root of the speeds c of oscillation, as 4s shown in Fig. 1. As described in ~ 
- the previous section, it was reasoned that this speed is directly proportional - 
to the rate of the surface renewal. _ The theory, according to Eq. 27, predicts _ 
that the reaeration coefficient varies as the square e root of the rate al surface i 
renewal; this proportionality is confirmed by the linear variation of the experi- Z a 
mental data . The reaeration coefficients were converted to a common basis of © 
20° C by the proportionality indicated in Eq. 41. The data from both the ede- - 
- aerated water test and the sulfite test are plotted in Fig. 1. It is significant — 
that the slopes of the lines defining the data are approximately equal and that 
S sets of data indicate good correlation. It may be concluded that the 
experimental work substantiates the theoretical development in this respect. 
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part of the verification consists of comparing values of the re- 

- aeration coefficient that have been previously reported by others with the values - 
_ _ that were computed in accordance with the theoretical development presented | 
—- herein. _ The reported values of the coefficient had been independently deter- 


a mined by others by substituting observed values of the biochemical oxygen — 


demand, dissolved | oxygen deficits, and time periods in Eq. 2. These + values 

: B be referred to as the observed coefficients, and those determined by the K 

‘theory presented herein will be referred to as the computed coefficients. In 
selecting values for comparison, it was essential to use ‘Tiver sections in which 


the ‘eae deposits and the algae effects were at a minimum because | such con-— a 


(6) DEAERATED 


a ditions would reflect false values of the reaeration ieatfliaians., | ‘Fig. 2 shows a 
graphical comparison between the observed coefficients and the computed co- 


efficients. The distinction between isotropic turbulence and nonisotropic tur- 


criterion described previously. After the Chezy coefficient was defined 
2 each river, the appropriate formula a (Eq. 36 or Eq. 38) was selected to compute an 
the reaeration coefficient. The range and the over-all correlation of the data 
are particularly significant and may be accepted as further evidence of the © 
The Clarion River in Pennsylvania and its tributaries (33) provided ‘excel- 
_ Tent data on large values of the reaeration coefficient. The largest value shown Pah 
7 S. represents a tributary o of the Clarion River (Elk Creek), which is a shallow, tur- 
bulent stream with a steep slope, and, therefore, the biochemical ox oxygen de- J 


mand removal by sedimentation was assumed to be — It is probable 
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that idle’ effects” negligible. The value ix was taken from 
downstream sections of the Clarion River where sludge deposits were at 
The Tennessee River tributary. (34) is also a shallow, turbulent stream, 
wae of the reaeration coefficient for this stream are in the same range as those ~ 
of the Clarion River. The upstream areas of this river were not included for 


comparison because data the depths were two values 


1 Clarion River 
Brandywine Creek 
Tennessee Tributary 


Ohio River 


San Diego Bay 


se eee 
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Compursp AND OBSERVED ab Afi) 


own were averages t at were weighted by time for periods of approximately one 


that a yalue for the stream is 0. 6 and 

0.7, which may be compared with a value of approximately 0.8 as computed by ae 
the proposed formula (34). 


py - Brandywine Creek (35) provi ded two additional points, which were in “a 
4 category of large values. Regarding data on the depth, only the maximum 
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center » values were 1 reported; the depth was considered a as two- 
a the maximum depth. For these three cases the turbulence was considered hn. 

ay The values of the reaeration coefficient of the Illinois River : are for river 

sections downstream from the source of the pollution, in which sludge deposits _ ann 
| aa ie x were absent (36) - That the algae influence was negligible was indicated bys an ae 
444 hourly survey at one station, which showed a range of dissolved o oxygen from 

ee: _ The smallest values of the reaeration coefficient were for San Diego Bay i 

; . F or the Illinois River | study and the San Diego Bay study, rite 


the was to be isotropic. Table 3 presents the observed guile 


CoEFFICIENTS 


Diffusivity, 

in square 

feet per 

hour 


NN 


S838 


SSS 


| 
| 
23 64 
97 | 
84> | 


___ @ Time of renewal reduced by the percentage of rapids in the stretch. * Average value—weighted we 


Ohio River survey (1) provided data for both highwater values and 
low-water values. lt should be noted that empirical relationships: were de- 

_ veloped for this river, as indicated by Eq. 5. The depth in this formula refers ; ‘ 


| ie to the depth above low water. In most sections the average | ened lg 


Water to the channel bottom: was significant. Therefore, in computing the 
value of the reaeration coefficient in accordance with the theoretical 


one-half 0 of this depth correction was added to the stage-height depth i in order — 


ig to secure a value that was most. of ratio of ‘and 
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Ge in feet | Chezy | ture, in 
Depth, in feet per | coeffi- | degrees 
| feet) Bond | 11000 | cient 

Tennessee... . . 2.0 | 0.98 0.75 = 
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TABLE. 4 ~Courvran, OBSERVED, AND EmprricaL REAERATION 


NES 


Diffu. Reneration Coeffi- 
|sivity,in| Time | cient, Per Day 
square |renewal,|___ — 


es esses 
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1% 
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Arithmetic average. included inaverage, 


The stage height itself fone not represent an average depth 


has steep sides, the stage height will represent an average depth, and 
- this was generally true for the Ohio River. _ The theoretical values of the 7 a 


of the reaeration coefficient are presented for nonisotropic 


and a similar comparison i is made for isotropic: turbulence. Data for certain 
sections of the Ohio River were not included in Tete 4 because of localized 4 


— 

TE 

— Veloc- | Depth} Depth | yroan |i 
Station | in de- in | stage, | correc- depth, 
4 [second | feet | in feet houtX | ‘onds | Com-| Ob- 
20.5 019 | 26) 9 | 12 033 | 0.22 
15 | 81 | 16 |0.22 | 0.19 | 0.13 
180 0.28 | 14) 26 | 10 | 7 | 12 joss lost 
|. 77-88 | 25 | 040 | 4 | o2 | 
a et 43 2 42 0.15 | 0.25 |0.27 
7 
— 24.4 16 re = 
17.3 
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475 to 482 Data influenced by backwater 
492 to 598 sick variable and depth correction tet 
(598 to 6 611 greater t than 6 ft 2 


4 same of magnitude for each | were 
aged | to the ppinte in n Fig. 2 _ The only ce case in there was 


88) was nish shown. Slope data were available for only. 

The low- water slopes were used in the determination of the Chezy coefficient. 

The values of this coefficient are therefore inaccurate for the high- water condi- 
tions, but the order of magnitude of the coefficient is ‘such that the turbulence = 


‘The data for the depths were given in the preceding references, except in 
the case of the Clarion River, for which the depths were determined from maps 
_ of the Corps of Engineers, United States Department of the Army. The data 


for the slopes were either given or r determined from the United States | Geological P- 


ow Water Supply information. The values of temperature ¥ were reported - 


, A theoretical development of the mechanism of reaeration in natural rivers — 
has been presented. Both isotropic turbulence and nonisotropic turbulence ~ 
have been considered i in the development. _ Laboratory experiments were con- 
ducted so that a verification of the fundamental relationship | between the re- eS 
aeration coefficient and the rate of the surface renewal could be obtained. The 
comparisons made between the coefficients observ ed from the river surveys and > 


: those ‘computed b by the proposed formulas arein good agreement. 
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APPENDIX II. ot = ihn 
The he following symbols, adegiet' for use in the paper and for the guidance of 
a conform essentially with “American Standard Letter Symbols for 
Hydraulics” (ASA Z 10.2-1942) prepared by a committee of the American 
‘Standards Association wit with th Society representation, and approved by | the Associ- 


of saturation of oxygen in water at the gas-_ 
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tt D= = oxygen deficit: te. ana 
Do = initial dissolved oxygen deficit; bag, 
= diissolved oxygen deficit after timet; 
Di= = = liquid- film diffusion cocfiicient; % swt won 
“tame D, = eddy-diffusion coefficient; | (@$) 
= empirical coefficient in ula. 5 oh to. ybuie 
g=gravityconstant; 
= depth above low water in feet; 
j = concentration of inherent characteristic of the fluid; i. 
deoxygenation coefficient—hase e; | W 
biochemical oxygen de demand a 
= initial biochemical oxygen . demand: 
N. rate. of pon of characteristic in y-direction 
rate of mass transfer per unit area; bre to> 
4 ‘= partial pressure of 03 oxygen; 


am bast 


= slope of the river channel; 


velocity fluctuation in the z-direction; 


velocity fluctuation in the z-direction; oi 
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tribution to the field of Although the | paper. is directed 
€ toward the development of a rational theory for the determination of reaeration 


coefficients for polluted streams, the theory presented is applicable generally — 


TRE 
to all gas-transfer processes. Therefore, it has wide ar plication in water and 
g 


“Sy an 


‘The authors examined the] Lewis and ‘Whitman two-film theory of the trans- a 
fer of a gas to solution in a liquid and show by comparison of the diffusion co- 
| Sica that the resistance through the liquid film at the interface is so great _ 
é s compared to the resistance through the gaseous film at the interface, through — 
. main body of the gas, and the main body of the liquid that it controls the { 
a entire mechanism. It is also shown that, because of the high resistance through 
+. the liquid film at the interface, the concentration of the dissolved gas in the — 
a body of the liquid will be substantially uniform even with a very slight mixing © 

Tt has been shown previously® by Mr. ‘Dobbins that the liquid-film coeffici- i 

ent, Kz, of Eq. 6 is substantially equal to D_/b if the liquid film remains un- 

_ broken, in which Dz is the coefficient of molecular diffusion of the dissolved gas 
and b is the thickness of the liquid film. Mr. Dobbins has also shown® that, 
— where the film i is being renewed continuously by shearing forces in the liquid, | 

the liquid-film coefficient is substantially equal to the square root of the molecu- 

lar diffusion coefficient times the rate of renewal of the liquid film (Eq. 26). - 
relationship the | liquid-film coefficient is substantially independent of the 

thickness of the liquid film. _ ‘The writer wishes to emphasize that only this 

second expression for the liquid- film coefficient has real meaning because any _ 

motion in the liquid « creates shearing forces that will remove the liquid film. 


Therefore, in any real ‘process, the Gare film is continuously removed and 


ai The authors’ ev aluation of the rate of surface sonia r, in terms of the © 
parameters of the modern turbulent-flow theory i isa significant advance. 
fees indicates that the rate of renewal of the liquid film at the interface ~— 
‘is substantially equal to the velocity gradient of the liquid at the interface for 7 
teehee turbulence, and is approximately equal to the velocity of the liquid © 
Baie by the depth for conditions for which the turbulence i is isotropic. The — a 
equation for the -reaeration coefficient is Eq. In order to use this 4 
“equation, it is necessary to insert a value for the rate of the surface renewal. - 
© 36 is the resulting expression for the reaeration coefficient for conditions in — 
the turbulence is is nonisotropic, which also includes a dimensional Sector “y 
for ¢ changing the rate of the surface renewal from ‘seconds to days. A er ** 
companion expression for the reaeration coefficient for isotropic turbulence is 


_ given in Eq. 38, which is in terms of the liquid velocity, presumably the mean 


-4Cons. Engr., Camp, Dresser & McKee, Boston, Mass. 
_ _ $“The Nature of the Oxygen Transfer Coefficient i in Aeration Systems,’’ by W. E. Dobbins, in “Bi- 


‘ological Treatment of Sewage and Industrial Wastes,” by Joseph McCabe and W. W. Eckenfelder, Rein- 
Publishing Corp., New York, N. Y., 1956, p. 141. bord 
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an as shown in Eq. 37, is in feet per second, a numerical constant similar to the — 
value of 480 of Eq. 36 must be introduced i in in Eq. 38 if if the reaeration pot te 
_ Eq. 36 is expressed i in terms of the slope of the hydraulic-grade line, and 

f Ea. 38 is expressed i in terms of the mean velocity. Since the slope of the : 


factor or coefficient, it is ‘possible to state Eq. 36 and Eq. 38 in the same ie. 
_ If this is done, it will be found that the reaeration coefficients are identical with 
- Chezy C of 14.2. he, indicated previously, if the | slope of the river, S, is 
— expressed i in terms of the mean velocity, ihe ‘depth, ar and the Chezy coefficient, 


ee ‘The reaeration coefficient in Eq. 38 is in seconds if the velocity i is in tt pr 1 
—_— Hence, if Eqs. 38 and 3 36 a are to have the same dimensions of days*, 
the velocity i in Eq. 38 must be ye expressed i in feet p per er day, o1 or 86,400 times the 
; value of the apes in feet oe second. The resulting equation is as follows: 
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Wi 
“the Chezy C has a of 142 the reaeration by Eq. 
43 has the same value as that giveii by’ ‘Eq. 4 
Under the heading, “Verification of the a description was given of 
‘the measurements that were made of the reaeration coefficient of the water 
surface of a cylindrical vessel, which was approximately 5} in. in diameter and 
which contained 63 in. of water. The vessel also contained a lattice work, | 
a _ which oscillated | vertically i in ‘simple harmonic motion a at speeds varied from — 
45 rpm to 120 rpm. The | purpose of the tests was to ‘confirm ‘Eq. 27, which — 
indicates that the reaeration coefficient varies as the square root of the rate 
of the surface | renewal. Because the turbulent- flow theory states that the 
rate of the surface renewal should be proportional to the speed of oscillation, 
the reaeration coefficient should be in proportion to the square root of this eed. 
tests verified this relationship, as indicated i in Fig. 
: = Two sets of experiments were conducted, one with deaerated water and the — 
other with a ‘sodium sulfite solution. results, as ‘shown in Table 2, indi- 
__ ¢ate that at the lesser speeds the reaeration coefficient for the sulfite solution was 
22 times : as great : as that for the deaerated water, and at the greater speeds the = 
4 ratio was decreased to a value of 4.8. This is a significant difference, which the 
authors have explained by the statement that “ “although the sulfite method has ; 
been used frequently i in the past as a means of measuring oxygen transfer, it has - 
The sodium sulfite method is based on the assumption that the rate of — : rs 


change f from sulfite to sulfate is a piven measure of the rate of reaeration. el 
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different from that which it is ‘desired ‘measure. The liquid- film 
efficient, Kz (that is, the rate at which oxygen passes through the liquid film 
? to the main body of the liquid), should be measured in the absence of appreciable , 

- quantities of sulfite or other reducing agents within the liquid film itself. It is — 

reasonable to assume that when a sulfite solution is used the concentration of 
_—_— sulfite within the liquid film must be about the same as that in the main body 
of the liquid. Hence, oxygen from the air will react immediately with the 
sulfite as the oxygen passes through the interface. More sulfite will diffuse 
through 1 the liquid film to the interface to make up this deficit, and the product — 
of the reaction—sulfate—w ill diffuse through the liquid film into the main body 
» of the liquid. The rate of reaeration measured with the sulfite solution, ear 
fore, depends not on the rate of diffusion « of dissolved oxygen through the liquid Bo 


- film but on the rate of diffusion of sulfites outward and sulfates inward through ; 
_ the liquid film. With a concentration of approximately 8,000 ppm of sulfite ae 
in the main body of the liquid, | as compared with from 8 ppm to 14 ppm for — . 
a, dissolved oxygen at saturation, it is ‘obvious that high concentration gradients 
may develop for the diffusion of sulfate inward to the main body of the liquid. | 
If the sulfite method has been used frequently in the past as @ means of 
“measuring oxygen transfer as stated by the authors, it is curious that the great ; 
_ discrepancy between the rates obtained when using sodium sulfite and the rate — 
_ obtained when using deaerated water has not been discovered previously. ‘The — 


sulfite method has been used widely for the comparison of efficiencies of 
different aerating devices. i is probably a valid use, but the method should 
not be used to determine the liquid-film coefficient, Kz, for gas transfer. 


a One of the prime functions of an activated-sludge aeration tank is to transfer : 


7 sufficient oxygen from the air or from oxygen gas to the solution to support the 
4 biochemical | activity in the tank. Similarly, the main purpose of a carbonation 
i is to transfer gaseous carbon dioxide to solution in the liquid. The same 
gg Eq. 26 may be applied in the analysis of aeration in an activated-sludge _ 
~ aeration tank by. a revolving brush at the surface of the mixed liquor.. The = ; 
Zz must revolve at a rate to produce a velocity gradient at the surface of — ~ 7 
ample magnitude to result in the desired value of Kz. At normal temperatures, oe 
Di is approximately equal to 0.09 sq cm per hr. - If the velocity gradient that is 7 
produced i is 10,000 ft per hr per ft or dese ft per ‘sec per ft, then Kz will have a 
per sec if the velocity i in, the ; 
at from 2 in. to 3 in. aw vay from the brush i is a, more than from 2 ft per sec 


, the rate of lili of the liquid film, : r, is 
euportional to the rising velocity of the bubbles with respect to the espa] oo 
pote 
i 4 in which v is the bubble ‘welocity, d is the size, and pisa proportionality coeffici - 
In the region of bubble ‘size and velocity, the maximum 
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velocity gradient at the horisontal. axis of the bubble i is 2 a8 indi- 
cated by Hadamard-Rybczynski’s law, and 3 v/A, as indicated by Stokes’ law. | 
Therefore, it may be stated that the value of p in Eq. 45 must be considerably 


less 2 because it an average velocity gradient around the liquid 
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Fic. 3,—RELATIONSHIP Berweex DIAMETER AND 


The data of Arthur T. M. ASCE, have been analyzed 


by the writer to determine the actual values of p for rising bubbles as a func- 


tion of the size of the bubbles. The results of this analysis are shown in Fig. 3. — 


bo es If the value of r from Eq. 45 is inserted in Eq. 26, the followi ing equation © 7 


“The Determination of Oxygen Absorption in Aeration Processes,"’ by A. T. Ippen, L. G. Camebell, 
and C. E Carver, Jr., Technical Report No. 7, Hyd ommend Lab., , Massachusetts Inst. of Technology, 

7 “Oxygen Absorption ‘and Turbulence fiat es in Bubble Aeration,” by A. T. Ippen and C. FE. 
Technical Report No. 14, Hydrodynamics Lab., Inst. of Technology, Cambridge, 
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She experiments 67 depths of aeration diffusers ranging from 2.1. 

_ ft to approximately 12 ft. The numerals at each experimental point plotted 
in Fig. 3 represent the depth of the tank in feet. Also shown in Fig. 3 by z’s 7 a 

are experimental points in which the water contained a synthetic detergent. © ~ 


* - ‘The concentration a the detergent in ppm is shown inside the block at each © 


> _ of the liquid-film coefficient was greater for shallow tanks than for deep tanks. — 
Ww hen the data are plotted in the terms of ¥ p, as shown in Fig. 3, the evidence — 
- does not conclusively show that tank depth has an effect. However, the pres- 
— ence of detergents has a marked effect in reducing the value of vp and, hence, — 
_ the value of the liquid-film coefficient, Kr. . Fig. 3 also indicates the effect of 
- the bubble size on the liquid-film coefficient. “r For example, the value of Kz, for ; 
_ bubbles whose diameters were 0.6 mm is only approximately 40% of the value — 
of Kt for 2-mm bubbles. This does 3 not mean that the larger bubbles are more 


- efficient. The smaller bubbles are more efficient despite the lower value of the 7 - 


_ The results of experiments®.’ with | pure-oxygen bubbles are shown in Fig. 3 
by triangles. The liquid-film coefficient, K 1, for pure oxygen seems to be some- 
what less than the value for air, although the results are not conclusive. The > 
"experiments of Ippen and his collengnes were conducted in a lucite tube, which 
had an inside diameter of 5.5 in. From some preliminary experiments with © 
‘still water in t the column, it was found that the rate of oxygen absorption from — 
the atmosphere through the water surface was very small. Therefore, the — 
experimenters concluded that they could safely neglect this means of absorption a 
of oxygen in reporting the results. In order to investigate this conclusion for or 
turbulent water, the writer has shown the ratio of the water-surface area to the , 
_bubble-interfacial area for several of the experimental tests in Fig. 3. For the yo 
deep warren’ and the large gas flows, the ratio of t the water- surface area to th the a 


q 


shallow ome the ratio is as great as 153%. In Fig. 3 the largest values of . 
sS are for the largest r ratios of water-surface area. However, it is not clear — 

whether there was an appreciable 1 rate of absorption of ¢ oxygen at the water = 
surface, or whether the variation in the plotted points was due primarily to the © 

It has been claimed that most of the 2 absorption of dissolved ¢ oxygen in| a 
_ diffused-air aeration takes place from the atmosphere at the water surface and _ 
that the size of the air bubbles is not ot important. In order to investigate this 
claim, the writer has estimated the water-surface area per r unit of volume of 
aeration tank for the case of diffused-air aeration at 1 cu ft per gal of sewage 
_ with a 6-hr aeration period. The aeration tank has been assumed to be 15 ft = 
deep: and 23 ft wide. The value of A/V in Eq. 6 for the water surface in this ae 
_ example is 0.0022sqcm percucm. If the air bubbles are assumed to be 1.8 mm 
_ in diameter and to remain in the tank for 10 sec, the value of A/V for the air 
a _ bubbles is 0.092 sq cm per cucm. Therefore, the surface area. per unit of | 
=! volume for the air bubbles is about 42 times as great as for the water surface. 7 


Tf the rate of from water surface is be of the same ender 
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-§ ment of the liquid film, r, for the water surface must be approximately 1, 00 
times that forthe rising bubbles, 
_ Aetually, the rate of replacement of the liquid film for the water surface = 
probably much less than the rate for the rising air bubbles. The liquid-film BS 
replacement rate for the bubbles in the experiments cited previously has an ' 
average value of about 50 per sec. In the authors’ studies of reaeration in = 4 
- natural st streams, the poem rate of renewal i in the most rapidly flowi wing 8 — 


‘than 1 per sec because of the turbulence produced by the air bubbles breaking 
thie surface. _ However, it is quite improbable that the rate of renewal of the 
“liquid film at the water surface can be as great as that on the rising air bubbles. — —_ 


= @ water surface is not 1 more than about 1/42, o1 or 2 A% of the tate of transfer from _ 7 
the air bubbles in an average diffused-air-aeration tank. Therefore, the bubbles 
the principal 1 means by which the gas transfer is is ‘and hi 


ALEXANDER N. DiacuisHin,® A.M. | ASCE.—The authors’ analysis of re- 
aeration and their attempt to relate reaeration coefficients with the hydraulic 
characteristics of a stream are of considerable value. The following comments nA 
_ are of an elementary nature concerning their formulations, and present a de- 
_ tailed examination of some of the implications that are inherent in these formi- 
T heory.— —Eq.: 36, defining one of the two classes of reaeration turbulence, 
4 ‘ean be e amplified by the use of Chezy’s s formula. ‘Solving this formula for the 
in which | Ris the hy draulic ¢ radius ; the other notations 1 remain the same as orig- 
= inally presented. For broad, shallow streams, the hydraulic radius is nearly 
equal to the depth of flow. Therefore, substituting the indicated relationship, 
vt as well as the relationship shown i in am 47, in Eq. 36 yields an alternate ex- 
It is evident that this expression bears a striking resemblance to the netiiie? 
formulation (Eq. 38) for the case of isotropic turbulence. A comparison ol 
Eqs. 38 ‘and 48 indicates that the isotropic and nonisotropic expressions are 
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ay: 
- a ‘Eq. 49 yields the same value for the critical Chezy coefficient as does the authors’ 


method. — However, it is interesting and important to note that whereas the ioe 


“constant” for the nonisotropic case, a1 decreases with an 


hydraulic radius, the isotropic constant, 1/2.31, remains constant regardless of 


ture is shown in Fig. 4(a). It is evident from this figure that k, decreases as 

_ the depth is increased for both the isotropic and the nonisotropic zones, the only — 

_ difference being in the constants. yf Although Chezy’s formula is not particu- Be al 
larly applicable, because the depth of flow in the formula cannot change without 4 *h 
s corresponding change in the velocity (slope being held constant), it can be 

surmised that because the Chezy coefficient is proportional to the depth, the — 

ee for the nonisotropic case tends to decrease as the depth is edad. 

_ The decrease in the nonisotropic constant makes the kz-values of the nonisotropic 7 

~ curve less than the corresponding isotropic values in the isotropic zone. How- 
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Fic. 4.—THE or DEPTH AND Vevocrry 
ON REAERATION COEFFICIENT bas i 
fi BSG 2) j= 110 
ever, regardless of the difference in the isotropic and nonisotropic curves, it is” 
an evident that with a constant velocity, ke will reach a maximum at small depths — 
and will decrease continually with increasing depth. 
‘The: expected variation of ke with the velocity (depth s and temperature being ey 
held constant) is shown in Fig. 4(b). From this figure it is evident that both © - 
the isotropic and the nonisotropic curves increase as the velocity is increased, ; 
and that the latter curve is above the former in the nonisotropic zone and — 


_ ‘it in the isotropic zone. If only those sections of the curves that lie i in = 


; - Athough this exponent is is also 4 for the nonisotropic curve, as shown by Eq. 48, Fr 

3 is possible that the value of the exponent would be hidden due to the changing — Zz 
value of the constant in the nonistropic case if it were necessary to determine a 
_ the exponential value from experimental data. However, it is clear that this q 

value is equal to for velocities that are greater than the critical 4 
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Us 


a zones is easily understood for the coustant-velocity case, as shown in Fig. 
Aa), it is more complicated for th the constant-depth case shown i in Fig. 4 (b), and 
there is some justification for reversing the allocation. If the two zones were 
transposed, and only those sections of the curves that lie in the zones in which k= 
3 they are applicable were used, it is apparent that the same inflection ving, 

would be maintained However, instead of the curve taking an upward sw 4 
would tend to flatten at the inflection point. 
‘The conditions of either constant depth and varying velocity, or nie a 

7 velocity and varying depth, do not t occur except in laboratory studies. — 4 _ For 

stream flow the velocity is directly proportional to some fraction of the depth. 
However, from an examination of Eqs. 36 and 38, some useful knowledge may 
= be derived concerning the variation of ke 2 in cases f for which both the depth and 
_a the velocity change. " Because a velocity term does not ¢ appear in Eq. 37 it z 
evident that decreases as the depth i is increased and that a maximum k>»-value 
i is expected ata minimum depth. ian In the isotropic zone in which Eq. 39 ‘wed ~ 
" ke will decrease with i increasing x depths and velocities if A(U4) < A(H}). An 
examination of either the Chezy formula or other formulas applicable to te 
a flow indicates that the inequality stated previously is usually valid, and, hence, 
4 it may be concluded that increasing river stages and corresponding i increasing — 


The authors’ formulations are summarized « as foll s follows: 


1. Equations for both isotropic turbulence turbulence 


a characterized similar equations (Eqs. 38 and 48). For both cases the re- a 


depth is ‘increased. 


3. For or constant and constant increases as the 
is increased. The reaeration coefficient increases at an apparent rate that ie 7 
4, In streams maximum ke-values will occur at minimum depths end cor- 
4 respondingly low velocities. Minimum k2-values will occur at maximum depths : 
7 Verifications of Theory by Field Data. —_The use of Eq. 2 to determine the - 
_ a -reaeration coefficients is common, as was noted by the authors. All other terms _ 
being known, except for ke, the solution for kz can be accomplished by trial and rr - 
error by substituting i in Eq. 2 and finally obtaining a value satisfying the equa- —— 
tion, or by any of a variety of approximation methods. However, although os 
rat the solution for ke is mathematically straightforward, the dependence of this > 
value on the other factors in Eq. 2 should not be minimized. These factors sare 
and, therefore, result in approximate kz-values. the 
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— allocation of isotropic zones and nonisotropic zones for both examples 
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sand inversely proportional to the power of the depth. 

q velocity and constant temperature, k. decreases as the 

— 

% 

— q 

ee. deficits. The change in the dissolved oxygen deficit from one site on a stream | — 

a downstream site reflects not only the depletions due to the oxygen require- a 
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— of pina materials and the additions due to reaeration, but: also the _ 


In order to test the authors’ method further, data for a section of the Ohio 
_ River between station 598 and station 611 were analyzed (1). adh The data were 

“from the same Ohio River survey used by the authors. The authors of the 

a survey report classified the section between station 598 and station 611 as — 
7 “relatively smooth,” ’ with an average low-water s slope of 0.316 ft per 1,000 ft. ‘a 
7 Chezy coefficients were computed and the type of turbulence was assigned to — 
am each case in accordance with the procedure recommended by the authors, even — 


to. the extent of applying the recommended empirical depth correction to be 


TABLE CorFFICIENTS —Ou10 Rive 


Reneration coefficient, Reaeration coefficient, 
computed per day observed per day tert Remarks 


nonisotropic 
nonisotropic 


added to the river is to one-half of the mean depth at ex- 
treme low water. Data for temperatures below 10° C were omitted in this 
study as they were in the paper. The computed results are shown in Table 5, 
and it is evident that there is a considerable discrepancy between the made 
andthe computed results, 
Another example, chosen at random, | is for the lower Little Tennessee River - 
- (Tennessee) ; the base data is given by Milo A. Churchill, * A.M. ASCE. © The 
computed value indicates a of 1.28 per day, whereas the observed value 
_ was approximately 10.0 per day. Another example i in the writer’s recent ex - 
perience is for the Connecticut River (Connecticut), which evidenced a com- _ 
puted value of 0.28 per day and an observed value of 0.56 per day. ae 7 
— It is not clear from these examples whether the authors’ method gives con- 
- sistently low values, « or whether the observed deviations of the computed values 
from the field-study values reflect variations froma mean value. 


wilnsy 


_ More important than the agreement or lack of agreement of the observed Fea ys 
_ values with the computed values is the variation of the ke-values at a given 
location with a change in depth and velocity. Sanitary engineers are often 


_ concerned with critical values of flow and reaeration rather than the average = 


‘Effects of Storage Im 
Vol. 123,1958. 


4 


— 

4 
process. Ihe writer has had occasion to compute reaeration coelicients 
utilizing the oxygen deficits for both an 8-hr period and a 24-hr period on suc- 
| cessive days. There was a four-fold difference in the computed coefficients. _ 7 7 a 
view of these considerations, it is surprising to note the almost exact agree- 
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4 saad oe depth or flow at which minimum values of the r veidgenbens co- 
efficient occur may well be of critical importance. 


= Dobbins, a minimum will occur at high river stages, which can ‘be verified 
at by an examination of the data in Table 4. Four out of five of the Ohio River 
sections t that were analyzed have minimum computed kz-values occurring at 
ine maximum river heights, whereas at the other station the computed minimum i 
_ kevalue occurs at an intermediate height. For one section the actual mini- Mi 
mum ke-value occurs at a maximum height, at two sections the minimum value _ 


i occurs at intermediate heights, and at the 1 remaining two sections it occurs hadl 


ia between the reaeration coefficient and ‘the rate of 


‘ ‘Eq. 27 can be written in the following equivalent form when the depth i is kept 
in which G is a constant. _ The test data. presented presumably ver verif y y the nr 
the speed of of the experimental apparatus is directly 
a tional to the rate of tl the surface renewal. Th The theory, according to Eq. 50, _ 
- predicts that the pumeipaae coefficient varies as the g square root of the rate of 


the surface renewal, and their 


‘TABLE 6. —COoRRELATION proportionality i is seemingly con- 


ror EXPERIMENTAL Data ‘firmed by the linear variation 
of the experimental data for kz 


water | ‘Sulfite solution — with the square root of the speed. 
Square root 0.995 (0.991 rion, their experimental data was 
fitted by the method of least 
and a square-root. function of the speed. From the results of the statistical 
analyses shown in Table 6, no significant change i in the correlation coefficient r; 
- occurs when a square-root function is used instead of a linear function. It is _ 
unfortunate that the range of speeds used in the experimental tests was so -z 


4 limited. With a larger range extending several magnitudes, it would be possible 4 


: - determine whether the effect of the speed i is more correctly described by a 
linear or a square-root function. For the experimental range selected, if there . 
is a square-root effect its influence in the range of speeds selected is minor. _ 

_ Data from another experimental study (29) are also available to check the a = 
. ‘ formulations. - Fora a constant ; depth the results are are shown i in Table 7 for veloci- ad 
ties that range from 1.6 ft per min to 4.6 ft per min. With regard to velocities | : 
7‘ 5 greater than those for the range of from 1.6 ft per min to 4.6 ft per min, the 


(29), presenting the Tesults of the flume studies, states: 


the plotted po points ts are shown to follow two distinct straight ine 


; 
| 
d | « 
il * 
Verifications of Theory by Experimental Data—The authors state that 
— 7 
— a 
— 
: | 


7 of flow, the numerical value of (n) for the steeper line approximates 1.75 ‘ 


and the flatter line 0.50.” Out 


ith reference | to the effect of depth, the report states: ie 


“Little if : any indication was evident from. the foregoing data as to any 
salt consistent influence exerted by variations in the stream depth on the rate — 3 
of surface reaeration, though plots of the data * * * haveshownatendency _ 
aie towards slightly increased surface rates of reaeration with increased depths. — 
It is possible in the case at hand the differences in flow depth were too 
lak small to bring out clearly any well-marked effect of this variable, except a 
a: to suggest that where the depth was increased, with a given velocity of — 
flow, some hydraulic condition may have caused a slightly greater degree 
of turbulence than with more shallow depths.” oat sib 
BLE ‘7. — EXPERIMENTAL REAERATION COEFFICIENTS® 


al in degrees Centigrade | 339) Reaeration coefficient per day 


Although the preceding 1 statement primarily to challw depths, the 


Smee of the studies considering all depths was essentially th the e same—the — 


"going dese not support the theory, which predicts a considerable effect of height 
Conclusions. —Some of the results obtained by: the authors’ theory disagree — 
_ substantially | with those observed in other laboratory and field studies. Inas- — 
7 ‘much as as it is difficult to have prior knowledge of those instances in whieh, the 


theory. w ill apply, ‘the ‘actual measurements of reaeration coefficients. ‘still 
AALE PASVEER”.— —The work concerning the mechanism of reaeration in 
natural streams by Messrs. O'Connor and Dobbins proves that it is important 
to know that the turbulent flow of a river follows certain laws, resulting in a 


y rate of surface renewal. — This rate | can n be computed ona theoretical basis. and 


a 


- tion process but also for its use in practice—that is, for the yale : the 


natural purification capacity of a stream. ot 
= B The authors have succeeded i in treating the mathematics of the Teaeration 
process in a clear fashion, handling the problem with the aid of a 


- mathematical modele—that is, is, with and without a laminar film at the surface. 


q 10 ft per minute. _ If the slope of each line based on the deaerated water_ 
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— 
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that both | methods lead to mathematically satisfying re- 
‘sults. W hat i is important is that they show that the in ‘prac- 


534) 


surface is but in which there is a rate of renewal. Oi wedi a 
a: the case for the aeration with air bubbles, it ca can be shown that there is , | 


In the process of dissolving a gas into a liquid, the ‘ “resistance” in the 7 bs 
boundary layer is due to the fact that the rate of a gas dissolving i - a quies- i 


cent liquid is inversely proportional to the square root of the time. 7 The rate Pa iq 
_ of dissolving is at a maximum at the moment of creation of the surface and : 
writer's: principal ‘objection to the two-film or liquid-film concept is 


that the theory with its formula, as it is used in the | aeration of water, - 


is not restricted to practical purposes in nonquiescent conditions. 


Eq. 51, represents the > quantity of dissoly ed in addition, the theory 


.o The writer therefore prefers, as a ioe: the use of the formula deduced by J 
Stefan” 13.14 from Fick’s law of d diffusion in in the case of a poor soluble gas _ into 7 


the CASE 


“follows Eq. 11 authors have expressed some doubt as to appli = 
cation of this formula to a liquid film of small thickness. Stefan made a de- a 7 
tailed investigation of the conditions under which his formula is applicable. a 
His conclusion was that the equation shows no greater divergence than 1% as 
dong as mw? Dr t/h? < <3, ‘and no greater divergence than 2% as long a as the value — : 


From this it may be computed | that for times of 1s ‘sec and 100 sec 


the minimum column lengths, h, ‘at which the divergence i is less than 2% are. 


he work of the authors shows that for those cases for which’ the surface 


enewal can be computed from the laws of turbulence it may be possible ‘ to 
determine the rate of reaeration, the 


- 


“Research on Activated Sludge. VI. with Air Bubbles, " by A. r, 
Sewage and Industrial Wastes, Vol. 27, October, 1955, p. 


“Ueber die der Kohlensadure Alkohol, ” by J. Stefan, Wiener Sitz., Vol. 

“Ueber die Diffusion der Flassigkeiten,” J. Stefan, ibid., Vol. 79, No. II, 1879, p. 161. 
4 “Diffusion dans les liquides,” by J. Duclaux, Hermann et Cie, Paris, 1936. 

a 15 “Research on Activated Sludge. 1. A Study of the Aeration of Water,’ as ” A. master Sewage and — 


Industrial Wastes, Vol. 36, November November, 1953, P. 1253. 


g 

— 
— 

Because there is no necessity for assuming a stagnant li 
— 

a 

— 

> 

q 
‘ 

cm 

y= 

@ 
— 
— 


My on C. 
— in a theoretical understanding of the mechanism of the reaeration senses and 4 
in the field application | of that understanding. _ Several points : stand out as being © 


ae The careful and nearly rigorous derivation of the reaeration on constant 


“) as a function of the rate of surface renewal; although | expressions of eel 
“same, or nearly the same, ‘form have been presented previously, 


derivation sets forth the range of applicabilit iy of the final equation ‘more — 


2. The expression of the rate of surface renewal, and, hence, of ke, in ad 7 
susceptible to independent measurement ; thus, for the first 


, it is Possible to estimate reaeration in a by do not 


nvolving a flow of finite velocity and ‘definite ‘direction suggests | a 


uch a 


thermal convection, and other characteristics. ie us 


deriving the general reaeration as a of 


q renewal, the authors use the assumption that the surface layer possessing in- 
‘finitesimal thickness is saturated with dissolved « oxygen instantaneously upon — 
the exposure of a new element of surface. This assumption imposes a slight _ 
_ limitation on the generality of the resulting equation because the eon, 
% of the surface layer must require a period o of time that is finite, however small. 
- The limitation does not become important as long as the average time of a 
gure of an element of surface is long compared with the time required for sat- 
uration of the surface layer. r. Inother words, the assumption excludes only oo 
state of extreme turbulence, which has been termed a “heaving surface. adicct ted 
‘The equations apply, and are intended to apply, only to bodies of water in 
which there exists a flow of finite v elocity and measurable direction. The e prob-— 
lem of reaeration in relatively quiet water exhibiting no net flow | remains un- 


solved. However, this work may serve to extend the same reasoning to cases 
-Donatp J. O’Connor,”” J.M. ASCE, anp E. Dossrns,!* M. ASCE. 
—The discussions have contributed considerably to the understanding of i 
_ problem of reaeration and its ap plication. aden ni aM 
_ Mr. Camp commented on the great difference between the sulfite tests and 
- the aerated-water tests. He indicated further that the sulfite test should not 
La be used to determine the liquid- film coefficient for gas transfer, although it has = 
‘ been used w idely to « compare the efficiencies of different aeration devices. v1 The- 
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- _ the process in a sulfite solution. In stating that the method has been criticized = a Be 


recently, the writers had reference to a recent work in the fermentation field.” 
The preceding situation also has been treated mathematically by Danckwerts — 
Camp has to the knowledge of reaeration by discussing 


aeration and of the of this situation. His - 


writers w ‘ith Mr. ith to ‘the relative eness 

oft bubble aeration and surface aeration in present practice. 
Both Messrs. Camp and Diachishin have stated that Eq. 36 for the non- 

oe case may be expressed i in a form in which the exponent of H is equal 
to 3 as in the isotropic case. - Th _ The writers have been aware of this fact, but they . 

“prefer the form of Eq. 36 because it eliminates the factor C which is difficult to 


a: for any practical case. Furthermore, Eq. 36 expresses ka in terms that = 


are more available as measurable parameters. The velocity term, which ap- 
BY _—~pears in . Eq. 43 and Eq. 48, w which are ‘equivalent, is a function of the slope, 
depth, and some parameter characterizing the roughness of the channel. and 
Hence, Eqs. 43 and 48 are not in their most fundamental form. For: example, 
if Manning’s expression for C is introduced into Eq. 43, the resulting expression Pi 
san 480 nt 480 nt US tua ep (53) 
Te Because the roughness coefficient, n, varies with H, the actual functional 


a tt between k, and H for a given river is not defined precisely by any 
of the equations presented thus far i in the paper. — _ Except for convenience or | 
for ‘comparison, there appears to be no justification in using the spent 


and flow velocity, respectively. The writers indicated that any 
: that considers the roughness elements is the most appropriate one for fect 
_ rivers. However, due to the inadequacies of the existing theories for river 
4 flow, the expression for ke was stated in | the form t that eliminated tl the necessity - _ 
for estimating the values of the bottom roughness’ parameters. . Therefore, 
Mr. Diachishin is in error when he states that for both cases the reaeration co- 
4 efficient is inversely Proportional | to the 4 power of the depth. In addition 


pr 


maximum k-values will not necessarily oceur ‘at minimum as indicated 


a 


writers agree with Mr. Diachishin’s comments thei inaccuracy 
in the reported values of the reaeration coefficient, ‘particularly with regard to : 
_ the oxygen factor of life forms not necessarily involved in ingetetid 
(process. ‘Iti is strongly emphasized that the theoretical development makes 


“Sulfite Oxidation as a ‘Measure of Aeration Effectiveness, » by J. 8. Schultz and E. L. Gaden, 
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to incorporate factor. Therefore, a comparison of the theoretical 
n coefficient with the observed coefficient in which this factor is present is not : 
valid, and such data neither prove nor disprove the theory. Mr. Diachishin bs 
after appreciating this factor, ignored it in comparing values on the lower 
Little Tennessee River. _ He compared a an observed value of 10 per day v with | a 
_ _ computed value of 1.28 perday. The former value was based on data collected a 
7 during daylight hours. In this regard, Churchill states: “The d dissolved oxygen 
varied between 5.85 ppm and 6.90 ppm, apparently due to oxygen added by 
algae during the daylight hours.” In addition, he states “* * * (i 
the increase in (reaeration) rate during daylight hours due to the addition of e 
oxygen by y algae * * ***” Tn using a value ‘of 10. 0, Diachishin measures 
- the combined effects of reaeration and algae. In order to test the theoretical — 
equations, the darkness values would be more representative. The data for 
the 1 night condition were given, , from which an observed reaeration coefficient 
was computed as 5.3 per day. In computing the theoretical reaeration coeffici- — 
ent for the Little Tennessee River, Churchill states: ‘od ne bes: = 


“The width varies between 600 ft and 1,200 ft, and the mean depth at # 
7,000 cu ft per sec is on the order of 3.5 ft in the narrow sections and 1.5 ft ] = 
= in the wider reaches. Water velocities vary from 3.2 ft per sec in the — — 
” _ deeper reaches to 4.2 ft per sec on the broad, shallow shoals.” _ OT AER Se 
ye ‘Mr. Diachishin, in reporting a computed value of 1.28 per day, apparently - 
‘ignored the shallow sections and based the computation on the deep section 


‘Such a computed value i is not of the river stretch. “When 


3 > 


the length of each section, the average value is 48 8 per as compared with 
Mr. . Diachishin discussed the Ohio River survey data (1) and presented one 
example of the lack of agreement between the observed values and the com- = 
pated values. . The mean depth was determined by adding a depth correction ; “s 
to the stage height. This height referred to depth above low water, and, . 
because the average depth from low water to channel bottom was significant, 
a depth correction of one-half this value was adi added to the stage height. This — 
procedure was followed in order to obtain a value of depth that senetisnalih 
best the ratio of the volume to the surface area. The preceding procedure is , 
"justified if the depth c correction is small. However, as this value increases, the — 
possible « error also” increases. In the case examined by Mr. Diachishin, the — 
depth from low water to the channel bottom was 11.7 ft. It is doubtful that 
_ the representative depth can be determined for stretches for which the correc- _ 
- tion was based on a value as significant as as 11.7 ft. - Consequently, the writers a 

_ have not included stretches for cases in which the correction was of such magni- 

tude, i in spite of the fact that there was reasonable agreement between the com- 
_ puted and observed values i in some cases. In addition, the slope of the sketch 7 4u; 
varied considerably, as was indicated i in the paper, which indicates another 7 
- possible source of inconsistency. There | were other i inaccuracies in these data, 


indicated i in Tables 4 and 5. Such data cannot be weed either toconfirmor 


refute the theor etical develo These factors were in the 
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paper, but, in of Mr. Diachishin’s comments it as felt that they were 
Mr. Diachishin states that the Ohio River data results “* * * do not verify 7 
the theory” because observed minimum reaeration coefficients occur at other 
than maximum depths and the theory indicates otherwise. — 
_ The writers appreciate Mr. Diachishin’s analysis of the experimental data — 
- and agree with his conclusion that the range of speeds was too limited to i indi- , 
_ cate the relationship between the speed and the reareation coefficient. sity onghn 
: #* With reference to another experimental study (29), it was believed that the $ 
data were not representative of the conditions that were used as a basis for the _ 
“4 theoretical development. Flow was induced by a a longitudinal propeller \ which | i 7 
_ was in one of the channels. Surface renewal was due not only to the turbulence 
- 8 of flow but also to rotary motion induced by the propeller. Furthermore, many 
4 tests were conducted under laminar flow conditions. — Experiments. were also - 
conducted on depths of flow of 9 in., 12 in., and 15 in. Mr. Diachishin indi- 
cated that the conclusion showed no influence of depth on the reaeration co- 
4 efficient. In the case of the 9-in. flow depth, the ‘propeller broke the. surface, 
and the authors themselves (29) are somew about the data. For 


depth, thus masking ou out the influence of depth i in that ex experiment. aoa ae 
_ _Mr. Pasveer objects to the two-film theory because ‘* * * it obscures the | 
fact that , according to the theory of diffusion the quantity that is diffused is 
et proportional to the time but to the square root of the time ” The objec ‘tion 
_ not seem valid because the over-all transfer coefficient, as applied to : a 
_ turbulent liquid, is actually a constant in the statistical sense, , and the total 
quantity of gas absorbed increases directly with time as iong as co co remains 
q constant. For clarification it is necessary to distinguish between time in its 
4 general sense and the particular interval that is the aver: age time of renewal of | 
= the surface. The latter is equal to 1/r and is a constant for any particular 7 
intensity of turbulence at the interface. on, ad 
' ‘The equations presented by Mr. Pasveer result from the solution of the gen- : 
3 differential equation for absorption of gas into a quiescent liquid (Eq. 9) - 


which erfe is the error function, and the rate of transfer of across a unit 

area of interface is given ston 
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‘Thus, ‘the instantaneous rate of transfer decreases with — for any period — 


during which the liquid remains quiescent. 6H .shitun wre won 
ult ‘The total al gas ¢ carried across the interface during an interval of time, ¢’, is 7 


wy fw N dt, which equal to 2 (C. — Di Dil which is Mr. Pas- 


veer’s equation for Qa. average rate of transfer during the time, will 
the total amount divided by ¢’, which is given by 
odd 


If the assumed quiescent condition prevails for the time, ¢’, and the whole mass 
of the liquid is then instantaneously mixed, this process — being repeated in- 
‘4 definitely, the over-all average rate of transfer will be as given in Eq. 55. If the 


time of renewal, ¢’, is replaced by rress of renew al, 1/¥ =r, the equation 
for the rate transfer i is. 


i we 4 26 was derived by neglecting minor factors in either Eq. 24 0 or Eq. 25. 
7 It is significant that the former equation was derived from boundary cine. 
based on a liquid film, whereas Eq. 25 was derived from boundary — 
tions similar to those advocated by Mr. Pasveer. Thus, it makes little or no 
difference whether or not the liquid film is assumed to exist. The factor, 2/V x, a 
- which is the ratio of Kz, obtained by Mr. Pasveer to the value of K, that was _ 
— by the w riters, is due to the fact that the writers used Danckwerts’ 
-age-distribution function (11) in their development, whereas Mr. Pasveer — 
: assumed that the surface replacement occurs at the same time over the entire _ 
surface. _ The first ¢ assumption is a closer re] representation of the actual physical — 
conditions at the surface of a stream. remarkable not that the two differ- 
ent approaches result in different, values for but expressions 
differ only by a constant factor equal to 1.13. 
_ The writers agree with Mr. Pasveer’s referenc e to Stefan’s s inv estigation ¢ of 
: the conditions under which his formulas are applicable. 
Rand discussed some factors concerning in natural bodies of 
water, such as wind action and thermal conv ection. The writers agree that 
4 the approach used may be a to these cases, particularly in the case vs 
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has stated that the assumption of 
tion: upon open of a new element of surface may impose a limitation on the * 
condition of a heaving surface. In addition, air bubbles may be entrained, and ~ ir 3 
the transfer may be controlled by a different mechanism. 
w ‘The effect of temperature on the reaeration coefficient, with a temperature 
‘coefficient of 1. 016, was referenced incorrectly in the paper. This relationship _ 
is shown” by Gordon M. Fair and John C, Geyer, Members, ASCE, based on 
_H. G. Becker’s work. a. The coefficient indicated by the original reference (29) 
7 is 1.047. ‘There i is no apparent reason for this difference; work is being con-— 
ducted at the present time which should clarify the issue. 


i “Water Supply end Waste Water Disposal,” by G. M. Fair and J. C. Gey: yer, John bates & Sons, 
New York, N 
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OPEN- -CHANNEL FLOW AT SMALL REYNOLDS 
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LORENZ G. STRA M. ASCE, EDWARD SILBERMAN,? AND 


HERBERT C. ELSON,*® ASSOCIATE MEMBERS, 
Net 
ra Discussion BY BY Wattacs RD AND. Js wis 


dan 
% Roperrson; CHESLEY J. Posry; AND Lorene G. STRAUB, 


Epwarp SILBERMAN, AND Hensenr C. NELson 


The hydraulic diameter is used as the length nde al 
in the Reynolds numbers. Smooth laminar flow, smooth turbulent flow, rough 
7 laminar flow, and rough turbulent flow are considered separately, as as is tonne . 
tion from laminar flow to turbulent flow i insmooth channels, 
= The results indicate that at these small Reynolds numbers, smooth channel 
flow, bom laminar and turbulent, is quantitatively similar to ‘smooth pipe 
ae.” Rough channel flow is probably ¢ qualitatively similar to rough | pipe flow 
and rough plate flow, but : there i is no adequate n method available to correlate 
rough flows in the small Reynolds number range. Channel shape i is important ; 
_in laminar flow, but its er entire effect may be determined i theoretically. — _ There 
is only a negligibly small | channel- shape effect i in 1 smooth tu ‘turbulent flow and a 
somewhat more pronounced effect in rough turbulent flow. ‘Transition gen- 
erally occurs at slightly higher Reynolds numbers in channels’ than in pipes, “ 


the exact effect depending on shape. halts. 24 


a  ‘Nors. —Published, essentially as printed here, in July, 1956, in the Journal of the Engineering Me i 
~ chanics Division, as Proceedings a 1031. Positions and titles given are those in effect when the paper _ 
or discussion was approved for publication in Transactions. 4d) ot 


1 Director, St. Anthony | Falls alle Hydr. L Lab., and Prof. and Head, Dept. of Civ. Eng., Univ. of Minnesota, id z : 


 Prof., St. Anthony Falls Hydr. Lab., Univ. of Minnesota, Minneapolis, Minn. x 
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OPEN-CHANNEL FLOW 


Notation. —The used in this paper are defined they first 

appear, in the text or by illustration, and are assembled for convenience of 


II 
General: —Bince 19 1930 a large number of more or + less, related amie 
_ studies have been 1 made at the University of Minnesota, at Minneapolis, on the 
hydraulics of flow in open and closed conduits. Much of the » experimental 
en has been directed particularly toward establishing physical relationships - 
Zl of flow at small Reynolds numbers. _ Among these studies were several grad- 
uate theses concerned with ste ady, uniform flow in open channels in the | 
laminar, transitional, and lower turbulent regions. A summary and a syn- 
thesis of the results of these s studies, which were conducted at the St. Anthony 7 
Falls Hy draulic Laboratory of the univ ersity, 4,5,6 0 are presented herein. 
_ Only flows with the Froude number less than unity (subcritical flow) and 7 
at high Weber numbers, or where capillary effects do not have significant 
influence on the flow pattern, are considered. . Furthermore, the treatment is 
confined to that part of the channel length in which the boundary layer is fully” 
developed—that is, in which the velocit city | profiles over the reach of channel 


-_ ~The experimental studies naturally are grouped into the two ‘following 

ion Smooth channels and rough channels. These atadies are further 

classified into” laminar flow, transition from laminar to turbulent flow, and 
turbulent. flow. Therefore, an analy tical presentation is given for each ty pe 


“ of flow, which is followed immediately by a review of the experimental results | 


experimental studies at the were smooth channels, and, 


therefore, this category is given primary consideration. However, flow in 
rough channels at low Reynolds numbers has also received attention in the 
_ test program, and a review of the results is included although much additional | _ 
research inthisarearemainstobe done, 
_ A Cartesian coordinate system is used in the algebraic treatment, with the | 7 
positive z-axis oriented in the direction | of flow, the (yz)-plane vertical, and the — 7 
origin at the free surface. - ‘The velocity at any y point in the channel is W, and 


_ the mean velocity is #. The slope, S, is assumed as positive when the channel — 
inclination i is downward in the direction of flow. 


«Experimental Studies of Viscous Flow in Open Channels,” by Edward Silberman, thesis presented 
to the University of Minnesota, at ‘ensapelis, in 1936, in partial fu  cemeeemed of the requirements for the 
§“Experimental Studies of Flow ina a Triangular Open Channel, by S. H. Anderson, thesis 
presented to the University of Minnesota, at Minneapolis, in in 1938, in partial fulfilment of the requirements 
¢ “Experimental Studies of Velocity Distribution at a Side in a 90° Triangular Channel,” by Harry _ 
Purdy, thesis presented to the University of Minnesota, at Minneapolis, in 1947, in partial f fulfilment = 
a the requirements for the degree of Master of Science. if pals a 
7 “Flow in a Triangular Channel with Varied Boundary Roughness,” by J. M. thesis 
‘ to the University of Minnesota, at Minneapolis, in 1948, in partial fulfilment of the requirements f for the . 
_ §“A Study of Viscous Flow in an Open Channel Having a Circular Arc Cross-Section,” by D. | 
“ds Donovan, thesis presented to the University of Minnesota, at Minneapolis, in 1949, in partial fulfilment 7 
of the requirements for the degree of Master of Science. 
i... “Experimental Studies of Viscous Flow in a Triangular fel Channel with Varied Central Vertex 
Angle,” by Peter Chi-Te Feng, thesis presented to the University of Minnesota, at Minneapolis, in in 1952, 
in partial fulfilment of the requirements for the degree of Master of Science. aia : 
“Fluid Flow in Rough Triangular Channels,” by H. C. Nelson, thesis presented to the University 
of pmenenete. at Minneapolis, in 1953, in partial fulfilment of the —_— for the degree of Master of - 
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in wh which 4 R is the hydraulic fhibalel (R being t the hy ydraulic radius or channel 
cross-sectional area divided by its wetted perimeter) and g g is the acceleration 


of gravity. The friction factor is related to the Chezy C and Manning n by | a 


439 


— 1 View or EXPERIMENTAL CHANNEL ia 


of the liquid mediums, and the instrumentation. 


Fig. 1 is typical of the apparatus. Channels of cross section, 

fixed, 90° ° triangular cr cross section, variable triangular cross section, and circular- 4 
are cross section were used. The test channels were formed from either Bei 
‘single rolled structural shape, or, for ‘te of adjustable cent central 


Channel friction is evaluated by using the Darcy-Weisbach friction factor, _ — 
— 
q 
— 
> 
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angie, from two structural channels back to back with a. sheet of rubber a ; 
We _ mented across the pair of flanges at the vertex. The rectangular channel was i 
g 1b ft long, and the other channels were either 20 ft long or 22 ft long. . The 4 
“Gama were straight (probably within 0.01 _in.), untwisted, and glossy 
smooth. The triangular channel of fixed vertex measured 90.7° . The ‘all : 
angle ¢ of the channel of controllable shape could b be set closely by a a screw 
adjustment arranged at four sections in the channel. In general a1 an 2 exception- 
ally high degree of precision in shape and control was possible. __ 
= A pumped recirculating system was used and included a low-level r reserv ously 


- 


provided with removable bell-mouthed entrances. “The discharge was mea- 
sured by intercepting the flow” in a weighing tank for measured intervals — 
normally of several minutes duration. water and kerosene were used in 


the experiments, and the temperature was controlled in order T to maintain a 
constant viscosity for each test. a 


ae Each channel was provided with three piezometer wells, spaced at , 5-f iad 
along its length. In the rectangular channel the piezometer wells 
were at distances of 2 ft, 7 ft, and 12 ft from the end of the bell-mouthed en- 


4 Bia . For the other channels they were either 7 ft, 12 ft, and 17 ft, or 8 ft, 
7 


13 ft, and 18 ft from the entrance. The fluid surface elevations in the wells 
- could be measured to 0.001 in. by micrometer-fitted point gages. These gages . 
- _ were also used to set the channel slope and to to measure | the depth of flow. | Ine 
_— ‘establishing flow in the channel, the tail gate | was adjusted s so that the depths 
= measured at the last two piezometer taps were identical within 0.001 in. As 
7 | will be noted subsequently, even this procedure was not sufficient t to insure — 
uniform flow at the highest Reynolds numbers of laminar flow because of the 7 


well for the pressure. The tube could be traversed 

iq vertically and laterally by a micrometer screw adjustment; the position was 
recorded to to 0.01 in. Surface velocity observations were made on floating 
particles thickness to avoid inhibition by surface 


Fiow 


N Navier-Stokes equations" are applicable. : With ‘the stipula- 
tions pmo previously, the pressure at the free surface is zero (atmospheric), 
the z z-components : and y-components of the velocity are zero ro everywhere, and 
the s-component, w, is not a function of z. Hence, the Navier-Stokes equations 


by H. Lamb, Inc., York, N. Y., 1945, p. 577, Ea. 4 
ade belles 
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in is pressure, pis and is the. hinemesté viscosity of 
& the liquid. The external force is due to gravity and has the components per + 
unit: mass of Y ~—g in the y-direction and of Z ~ gS in the e-direction. 
" Eq. 4 shows that the pressure | distribution is hydrostatic, leaving Eq. 5 to be = 
solved for w when the appropriate boundary conditions are given. . The 
‘solution of Eq. 5 is a two-dimensional problem in the (zy)- plane. 
Eq. 5 is a form of Poisson's equation and is applicable to other problems, i) 
_ such as the determination of the streamlines for a fluid enclosed by a rotating 
cylindrical boundary and the stress due to torsion of 8 cylindrical shaft. a 
inte yt solutions can be obtained whenever the given cross section can be _ 
mapped conformally on the interior of a circle. Approximate solutions can be ~ 
obtained by numerical and other methods for any boundary atlanta 2 


boundary conditions on 5 are: 


tive. In solving Eq. 5, the is made ¢ to zero. ‘The influence 
24 the resulting approximation may be estimated by comparison with experimental pr 

data. Several useful solutions are given in Appendix L solutions 

4 are the same as for closed conduits obtained by reflecting » the solid boundary 


After 5 has been ‘solved, mean is given by 


A 
_ in which A is the cross-sectional area of the channel and the integral i is taken 


7 ~ over the entire cross section. Formulas for determining the values | of ® for — 


several channel shapes are given in Appendix I. va 


‘The equation defining the friction factor may be written 


in which R is the Reynolds number given | by it 


Plas hoe ‘R: = veo 10) 


ryden 1, F. D. and H, Bateman, Bulletin No. 84, Nat 


“Hydrodynamics,” by H. L. D 

Research Council, Washington, D. C., "81933, Pt. II, Chapter II, 
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Because by Eq. 5 and ia. 8, is proportional to g has a specific value 
= for each channel shape, K is a purely ‘numerical cc coefficient dependent only on 
be the channel shape. z Theoretical values of K for several channel shapes are = 
> given in Appendix 1. _ Eq. 9 plots as a straight line of slope minus 1 on full 
_-- Experiment. —Experimental data pertaining to Eq. 9 are plotted on four | 
graphs in Fig. 2—Fig. 2(a) for rectangular channels, Fig. 2(6) for triangular — 
channels with a 90° vertex angle, Fig. 2(c) for triangular channels with 60° 
and 120° vertex a angles, ¢ and Fig. 2(d) for triangular channels with 30° and 
1 50° vertex 9, with of K from Appendix I, 


a 
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is also “plotted on each of these figures . The in of K K een for the 30° , 
channel and 150° channel is the same as that used for 60°, 90°, and 120° 
because the value for 30° and 150° has not been computed. This value would 
seem to be approximately correct, extrapolating from he: other solutions 
Appendix I, Similar data for circular-arc and 45° v ertex-angle, triangular 
a channels are not shown. . These > data are not ‘sufficiently different from those 
shown to warrant another figure. For the circular-arc channels, the data are 
(pumped about the 64/R and the data lie just below the line 
f = 57/R for the triangular channel. At ~: 
_ Experimental data pertaining to the solution | of Eq. 5 for 90° irl 
‘channels are given as s velocity profiles i in Fig. 
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compared with the theoretical results obtained from Appendix I. The experi- 
mental data correspond to points indicated by diamond-shaped symbols ‘ad ~~ 
fat “Although the goal of the present research was to investigate! fully developed i 
= the lengths of the channels made it necessary | to agar some data where 


0.03 R.* If this criterion is is applied to the present experiments, ‘it is found 
:- that all the data obtained at Reynolds numbers of less than approximately a 

hk 500 are in in fully developed flow. — However, as the Reynolds number ineresnes, 
- more e and more of the data become influenced by the entrance 1 region, depending = 

c on the hydraulic diameter for each experiment. Hence, the gradual departure d 
of the data from the theoretical curves in Fig. 2 at the greater Reynolds 
numbers is not to be attributed e entirely to transition, but it may be a » result 
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— R_ (Fig. 2) Symbol — 
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3.—VeLocrry Paormzs FoR SMOOTH FLow 
a including oY of the ian region in aS channel reach for which data 
it may be concluded that the theoretical results from Eqs. 5, 8, 9, and 11 


: give a reasonable estimate of the actual values i in fully dev eloped laminar flow 
A in open ‘channels. The entire effect of channel shape i is given by these equa- 
; 4 tions. The surface effect on the friction factor, which arises from assuming» 


4 that t the velocity derivative at the ‘surface i is equal to zero and from. aeidininell 
surface tension, is minor. fey 


4 MOOTH CHANNELS—TRANSITION To TURBULENCE 
For each of the data points shown i in 2(a) 200), the observer r noted 


2 


3 bination of both . The observation alpen pre: was usually made by | 


8Modern Developments in Fluid Dynamics,”’ edited by 8 


. Goldstein, Clarendon 
England, 1938, pp. 301-304. 


| ___ developing laminar boundary layer in a channel is not known. Inacircular 
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observing of a long, straight. object alined with 
liquid surface. An unbroken reflection was regarded as an indication of 
“4 laminar flow. The data point of greatest Reynolds number for which the ~ a 
= flow appeared clearly laminar is indicated by a letter Z on the symbol for that — q 
‘The solid symbol in Fig. 2(a) (2 b/d = 5.l at R =2 ,550) represents data : 
7 ‘obtained with the bell-mouthed entrance removed. Apparently the removal 
of the bell mouth, and thereby the disturbance of the flow at the entrance, 2 
did not influence the character of the flow. If the flow had been in a transi- — 
tional rather than a laminar regime, a measurable effect would ordinarily have i 


theory in Fi ig. Point Iv pared with those f the 
previously shown laminar-flow data, with a slight toward increased 
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Fic. 4.—VeEocity PRoFILEs FOR REGION 


the wall. On the other hand, point: shows the 
higher velocity near the wall characteristic of a turbulent boundary layer. a 


M To determine the Rey nolds number of transition unequivocally, it would be 


necessary to prepare diagrams ‘similar to those in Fig. 2 from data ¢ obtained 7 
with sufficient entry length. Transition would then be marked where the g 
experimental data departed from the theoretical line of slope minus 1. From 
the present observe ations it appears that there is a shape effect ‘on the Reynolds — -_ 
mumber of transition. Values for rcetangular, triangular, and circular-arc 
channels were extimated d from Fig. and similar curves as follows: 
betas Depth ratio ni a Transition R R a mili dow 
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For the triangular channels many more data were available at the 90° vertex 
angle than for the other angles. If equally representative data were available 
7 for all channels, it is possible that estimated transitional Reynolds numbers 
7 ‘Might be lower for th the channels of vertex angle | different from 90°. | The 
estimated value of transition R for a semicircular-arc channel is 2,200. 

_ Although the experimental channels were isolation mounted to prevent © 
[ direct vibration by the pumping equipment, it is believed that there was still 
: enough disturbance present to cause transition 4 at the lowest possible Reynolds 
number. The foregoing values are therefore judged to be indicative of the a 
lower Reynolds number of transition. | appraisal is supported the 


 Theory.—In the absence of a complete theory of turbulent flow, the value _ 
‘the Darcy-Weisbach friction factor f for open channels can only be estimated 
ona “semiempirical basis from earlier work on pipes. ‘Such estimates have 
& made by G. H. Keulegan,™ and the subject has been studied by Hunter : 
ASCE.'§ Keulegan made use of the logarithmic velocity profile, 
assuming this to be adequately descriptive at the velocity everywhere except 
_ in the laminar sublayer. For an average rectangular channel his results ol 


and, for a 90° triangular channel, to the 


the shape fact factor ae included i d in va last term. Eq. 12 i is identical with the 


4 “Laws of Turbulent Flow i in Open’ Channels, by G. ean, Journal of National 
‘ bureau of Standards, U. 8. Dept. of Commerce, Washington, 5 C., Vol. 21, December, 1938, pp. 707-741. 
J 1046, Brig Mechanics of Fluids,” by Hunter Rouse, John’ Wiley & Sons, Inc., New ork, N. Y., 
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OPEN-CHANNEL FLOW 


For the present purposes, in which only small Reynolds numbers are in- 


valved, 2 a power-law v velocity profile is adequate and easier to handle than : a 


7 logarithmic profile. x Again the profile is “ye to be adequately representa- 


d “normal to a ‘straight wall is 


io grea where the normal j joins the wall; h is the distance from the wall; iad B 


and m are constants. — For the smooth, circular pipe, H. Blasius gives the : 


in which the Reynolds number is based on the pipe diameter. Eq. _ 14a cor- 
responds to B = 8. 6 and m = 1/7 in 1 Eq. 13. _ Eq. 14a will also iso apply t to a 
semicircular channel if there are no secondary. « currents. For a very wide 


hannel the profile, 13, with B= 8.6andm=1/7,will yield 
j= 14b) 
ait yy the velocity profile i is taken along a line other than a normal to a wall, 
Eq. 13 will no longer apply directly. - For example, for the vertical profile 
along the line of symmetry of a 90° triangular channel, the the velocity at any 


point, Py, i is given by. Eq. 13 with = y/V2. However eT, Wy varies from the 


Vertex to marine. If is the mean friction velocity defined 


in which @ and P are empirical constants th that measure the ceteibaiien | of 
friction --velocity along” the wall. Using Eqs. 16 and 13, with B = 8.6 and 
= 1/7, the profile oon the line of sy neil of a 90° triangular channel i is” 
Experiment.—In Fig. 5 experimental data for various rectangular and 
triangular’ channels in the range of lower turbulent Reynolds numbers are 
presented | as graphs of friction factor versus Reynolds number. _ Eq. l4a is 
_ plotted for comparative purposes on all the graphs, and Eq. 14b is also plotted | 
on one of them. | Similar data obtained for circular-arc channels : and for 45° 


triangular channels are not shown in the figures. For or comparison Keu ilegan'* 
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“i 

as the mean ‘line of all H. Bazins’ data on smooth rectangular channels. — The 
“data i ‘in Fig. 5 could be represented equally well by ‘Eq. ‘12a and ‘Eg. 126 for 
the rectangular and triangular 
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In Fi ig. yg velocity profiles are shown for two of the data. points for the 90° 
aadeagolat channel. Profiles, both normal to the wall and along the line of © 
_ symmetry, are plotted on full logarithmic paper to facilitate comparison with 


13 and Eq. 17. The experimental data yield m= 1/7 and P= 0.076, 
and B = 8.3 and B = 8.38 for the two separate graphs. . If the two sets of 


data were superimposed on one graph, however, B = 8.6 would adequately — 
- describe the average line through the data along the normals. For the two a 
_ graphs G = 1.14 or G = 1.36. (It should be noted that the least accurate — _ 
a - data i in these experiments are shown i in the: measurement of the slope, which a 
directly into the computation of @,, so that the coefficients, B and G, 


s determined in Fig. 6, are less accurate than the exponents, mand P.) 
ibe It is believed that the entrance-length problem in the turbulent-flow segien. si 
minor. In smooth pipes with disturbed entrance conditions ata Reynolds 
_ number 0 on the order of 104, only twelve diameters are r required theoretically + 
_ for the wall friction to become equal to its value in fully developed flow.'* 


5  itherilas, the velocity a shown in Fig. 6 are characteristic of fully 
Bi. It is concluded from the data in Fig. 5 and Fig. 6 that at these small Reyn- 
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16“The Turbulent Boundary Layer in the Inlet Region of Smooth Pipes,” by J. 8. Holdhusen, thesis 

to the University of Minnesota, at Minneapolis, in 1951, in partial fulfilment of the requirements 


Channel shape | has relatively. little influence on frictional loss. auld 
~t ool The law given by Eq. 14a for the friction factor for smooth pipes is — 
representative of all smooth channels; Eq. 12c i is also adequate. 

power-la -law velocity distribution given | by Eq. 13, with B= 8. 6 
= 1/7, is ‘acceptably representative of the true Welty distribution 


(a) DATA POINT VI 


(b) DATA POINT VII 
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Value of velocity ratio, 


Theory, —Following a familiar line of reasoning for the velocity 


in which is tie: wall, dis the « depth of 
in the channel, and k/d< 1. _ The relative roughness is then given by the tip — 
4 “Didealde number of the roughness and, assuming that the presence of the ‘ 
vi roughness does not affect the flow, is 
Presumably there is some critical value of inf Reynolds number 


( Ric 


oul “Modern Developments in Fluid Dynamics,” edited by S, Goldstein, Clarendon Press, Oxford, 7 
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~ if the laminar flow is to be uninfluenced by the roughness. th The ‘critical 
roughness” ‘Reynolds number must depend on the shape and spacing of the 
‘Tf the roughness height is greater than the value given by Eq. 21a and Eq. 7 
21b, the friction factor can be expected to be larger than the computed value 
for laminar ar flow, and the velocity profile n near the wall can be expected to be 
shifted away vay from the wall. No theoretical method is available for c computing — 
the magnitude of these effects. . Not only the roughness height, but its 
shape and spacing will enter into the e result. 
Experiments.- —Experiments were conducted in the 90° triangular 
described, using rough surfaces. The surfaces were prepared by 
cementing abrasive cloth to the smooth channel walls. _ The abrasive material — 
composed of sharp-edged- particles. grades of cloth were used, 
‘specifications of which are contained i in Table I. 
7. Results of the experiments at Reynolds numbers less than 5, 000 are given 


h e of grain pproxima mean pproxima mean 
Grade of cloth cloth diameter, in inches diameter, in inches «spacing, in inches 


Og 0.026 


bottom is taken at the base of the roughness elements i in computing the data. ee 


Los & 


Velocity profiles were ‘not measured. The theoretical result for laminar flow 
in smooth, 90° triangular channels is shown, for comparison, by the heavy line — 
in Fig. 7. There is little doubt that the roughness of the we used has in- ater: 
If the friction factor and Reynolds number for the data in n Fig. 7 are recom- | 
7 puted, taking the channel b bottom at the tips of of ‘the Toughness elements, the a 
7 data are brought closer to the theoretical line, but the fine cloth data lie . 
generally above the coarse clothdata. 
7 . 5 should be noted that part of the divergence of the experimental ¢ data i in a 
‘Fig. 7 ‘might be attributable toat too short entry length, as was the case 
_ Fig. 2. The entry length for these rough-channel data was 11 ft, which cor- 
_ responds to a range of from 80 ) hydraulic diameters at some of the high —— 
numbers to 400 hydraulic diameters at the smaller ‘Reynolds numbers. _ hus, 


there is some effect of ‘length, for numbers 


Se than 2 for the roushness used herein. This value is of smaller order than a 


aa has been assumed previously for uniform sand | roughness i in pipes.” a te 
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Theory.— —No completely theory tough 
xists, even for pipes. It has become common practice to describe a rough 
surface by the height, or nominal height, of the roughness particles. 
Although this practice facilitates correlating fiteton: loss data in special cases, 
it must be used with caution in dealing with arbitrarily rough surfaces. — — 
when using surfaces roughened artificially i inas systematic pattern, generally 
;s more than a single linear dimension | is required to describe the roughness _ 
geometrically. Therefore, equations or formulas for friction loss that contain 


Coarse cloth | 
8=2R/k225, 
iis ad? ot a 
re 


- ru Of 


factor, f 


Value of friction 


= 


sail 


1 


Perry 
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IG. 7. RICTION F FOR Roves LAMINAR FLow 
7 ‘ only the single roughness parameter, k or k,, cannot be expected to be generally 7 
valid under all conditions. : Although formulas involving two or more linear — 
_ roughness measures have been proposed (by Henry M. Morris, Jr.,4* M.ASCE, ae 
_ for example) and even appear to be verified by some of the experimental data 
presented ‘subsequently herein, these formulas have not been tested sufficiently G 
warrant their publication as recognized theory. 
_ The most satisfying inv estigation of rough tha to date has been a 
i J. Nikuradse for closely packed, uniform sand | grains in pipes. The on 
linear dimension, k, suffices to measure the roughness because of the cheng om 


shape and close packing of the grains. When the surface is sufficiently 


308. Rough by Heory M. Jr, Transactions, ASCE, Vol. 120, 1955, pp. pp. 373- 
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_ Eq. 22 represents the well-known flow regime, in which the friction factor hae i 

- become independent of the Reynolds number and depends only on . the ‘relative — 
4 roughness, 2 R/k. Based on Keulegan’ s analysis,'* Eq. 22 may also be 


= to a 90° triangular channel. Because this paper is primarily concerned i 
with flow at small Reynolds tianiahe: Eq. 22 represents a limiting case only. — _ 
i a For surfaces other than those composed of uniform sand grains, it is — 
~ practice to replace ki in Eq. 22 by k,, the nominal 1 roughness size, which is deter- 
- mined empirically for each surface from ex experimental data in order to make Eq. _ 
22 valid. It is sometimes necessary to go to extremely high Reynolds numbers. 
: to accomplish this, and then the region of constant friction factor may be — 
proached either from below or from above 
Between the region of applicability of 22. rough: and 12c 


for smooth flow, there exists a flow regime for which both viscosity and rough-— 


Ustne ABRASIVE ROUGHNESS 


“ness influence the friction factor. It is this regime that is mainly inv olved 
‘herein. - Except for Nikuradse’s data on uniform sand-grain roughness in pipes, 7 
_ satisfactory correlation of data in this region has not been attained. It can be 
that the relationship b between the friction factor and Reynolds number — 
— will depend on many factors—such as as the form of the - roughness, its average — 
size, the average spacing of the separate elements sand their relative orientation, 
and the viscosity and velocity. The relative roughness size can no longer el 
; _ be expressed as a function of the channel size only, but it must be measured 
with respect to the thickness of the laminar sublayer of the flow. Thus, for b-2 
uniform sand grains the relative roughness can be expressed” by parameter: 


When plotted against the left side of Eq. 22, Eq. 23 correlates Nikuradse’ : 
sand-grain data. The resulting curve becomes asymp- — 


“Elementary Mechanics of Fluids,” 
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totic to Eq. 22 when the relative roughness given by Eq. 23 is equal to ap- ce 
‘proximately 400, and to Eq. when the relative roughness is approximately 
. vee For other types of roughness the substitution of k, for k in the definition . 
relative roughness, as is sometimes done, cannot be expected to produce the | 
same correlation as for uniform nee grains, except by chance. = cea 
: _ Experiments.—Two sets of experiments with rough surfaces in triangular — 
channels” have been completed. Both these involved measurements of bulk- 
te: flow quantities only and not of velocity profiles. One set was part of the study é 
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errs has already been cited under the heading, “Rough Channels—Laminar 


_ Flow,” using abrasive cloths as the surface roughness. - Typical data from — 
_ these experiments are shown in Fig. 8 as graphs of the friction factor versus 
“the Reynolds ‘numbers. ‘Depths have been taken to the bottom of the rough-— 
ness elements in these graphs. The lines having constant values of 2 R/k 
= have been drawn on the graphs, considering unplotted as well as plotted data 


_ ‘The second set of experimental d data was obtained in the triangular channel = 
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FLOW 
‘eee of square cross section were laid completely across the channel walls, 
‘ with their long dimension normal to the flow direction. Three spacings along Bo 
a the channel were used. Typical experimental data are shown in Fig. 9 as — 
graphs of friction factor versus Reynolds number for the 90° channels at ~- 
‘ee different spacings. Other typical data, s showing the effect of channel 
_ shape, are presented in Fig. 10. ' ee have been taken to the tops of the 
Strips in in both sets of curves. abe teh joaned: 
In general the data presented i in Figs. 8, 9, and 10 have not yet ae | 
~ Reynolds numbers sufficiently high that Eq. 22 will apply. Even those few 
data which appear t to indicate that a constant fri friction factor may have been — =! 
reached should be regarded with coution because of the small quantity y of data 
Any attempt to correlate { these data by using the relative roughness defined 


by Eq. 23, together with an ) arbitrary v value of k,, fails except in in the onan of the 
by 
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As INFLUENCED BY CHANNEL SHAPE 


Ih these cases by choosing 


dein to that obtained for the Nikuradse sand-grain roughness, a different os 
ae curve applying to each channel shape. [ Other methods of oe: 4 
tion using additional length parameters. are also largely futile. — Hence, the | 
problem of correlating friction-factor data for arbitrary rough surfaces at small 


‘The apparent effects of ‘channel | should be mentioned, particularly 


a8 shown for the largest strip spacing. In the case of the 135° channel with a 
stale spacing of 12 k, it appears that the effect of the strips eventually will 


multiple of the friction factor. Similar results have been 
observed at higher Reynolds numbers for ship roughness” and for widely _ 


2 roughness | elements in pipes. 18 * Although the 90° channel d data, with a 


“Friction az and Turbulence Stimulation, Pt. Tl, Proceedings, 7th Internations! nal Cong. Ship 
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OPEN-CHANNEL FLOW Pare q 
- strip 5] doutles of 12 k (Fig. 9), do a appear to follow the same law as the 135° 
2 channel data, they might have done so if the experiments could have been 
_ extended to a slightly higher Reynolds number at each depth. In that case 
the effect of shape would simply have changed the ‘multiples to be . applied 
-- ‘to the smooth-surface curve. At the smaller strip spacings the shape ora 
is is no’ very pronounced, and only one graph in Fig. 10i is given as typical. ~ a 
a4 These rough-channel | data do not differ greatly in appearance from pipe — 
_ data and from ship-model data at similar Rey nolds numbers and for similar 
roughness, no exact comparison is is obtainable as yet. 


and d velocity disteibution for flow in smooth, open 


small Reynolds numbers are quantitatively equal to the corresponding values — 
for flow in closed ee with — fixed boundaries when the Reynolds _ 


number based on hy parameter. ‘The 


‘= rough plates, but, there is no suitable correlating parameter for 


data i in the region in which viscous 1s influences a: are e still aicaibans. oe 2 wl 
_ 3. The shape of the channel does not have an important influence on friction — 7 
for ‘turbulent fl flow in smooth channels at small Reynolds numbers. — However, it 
have some effect on friction in ‘rough channels. 7 Shape i is quite important 
for laminar flow. The effect of shape in laminar flow can be estimated 
7 theoretically ; some results are given in Appendix I. ae. ae 
’ a _ 4. The lower critical Rey: nolds number for transition between laminar flow 
and tur turbulent flow in smooth channels depends to some extent on channel © 
shape. The value -Tanges from 2 000 to 3 being generally 
APPENDIX I. FLOW PARAMETERS FOR SEVERAL 
CHANNEL SHAPES 
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“Flow of a Viscous Incompressible Fluid: Expressions fora Uni- 
Triangular Duct,” by H. Nuttall, Engineering (London), Vol.173, 
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of conform essentially with “American Standard Letter Sy 
_ for Hydraulics” (ASA Z 10.2-1942) prepared by a committee of the American © 
Standards Association Society by the 
_ = cross-sectional area of channel; 
constant coefficient i in power- law 
= half-width of channel; 
= Chezy coefficient ; 


= constant; 
= : acceleration of gravity; 
h = distance measured tos a wall; 
= parameterinf = K/R; 


n; 
’ R = hydraulic radius; 
= Reynolds number = , 
= channel and energy slope; _ 
= local velocity parallel to channel axis; ected 
mean velocity parallel to channel axis; 
velocity at distance k from wall wall (at tips of roughness elements); . 
= friction velocity = Vto/p; 
= mean friction v over channel wale; 


‘density | of 
= wall shear stress; a 
To= mean shear stress over channel. Aste tabiosag 
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ALLACE 2M. LANSFORD”™ AND James M. RoBERTSON, MEMBERS, ASCE.— 
The theoretical relationships presented for viscous laminar flow in elliptical, - 


Want 


"rectangular, and 90° open channels are contained in the theoretical 
results presented Boussinesq i in 1868™ for viscous flow i in and 


sumption is slightly in error, and the maximum lies below, 
It would be interesting to wi if the authors’ measurements of the velocity 
_ distribution in the case of laminar flow include a determination of the location 7 
of the filament of maximum velocity and if such a filament occurs on or below 
free surface. For turbulent flows the occurrence of the m maximum m filament 
below the surface has been attributed to air resistance, surface tension, second- —— 
_ ary currents, or some effect of turbulence. Observations of the occurrence or a : 
_onoccurrence of this phenomenon i in laminar fi flow would at least represent th ane 
ease of no turbulence. _ The possible importance of turbulence would be re- 
vealed, and some light could be shed on this intriguing but elusive question. — br 


of open- -channel flow at the of at Urbana, al- 


mean-flow relationships i in as smooth, 90° at molds 
numbers of as much as 45,000 are shown in Fig. 2 and Fig. 5. _ The results ob- 7 
Late tained by W. M. Owen* on a similar smooth wooden « channel at Reynolds num- - ; 
. _ bers of from 20,000 to 275,000 are presented in Fig. llin comparison with the ; 
_ Minnesota data and smooth-pipe relationships. Barring any systematic 7 
errors, it would appear that at the higher Reynolds numbers the friction ia 
triangular channels falls below the Blasius relationship for smooth pipes, a 


by Eq. 14a. sat wi 


grain roughness.?” Fig. 11 also includes a comparison of the pipe and open- 


Z channel variation in | friction factor with Reynolds number and relative rough- 
k/2R. In contrast to Owen’ conclusion, from some of the same 


sinesq, de Pures et Appliqués, Series 2, Vol. 13, 1868, pp. 


** ‘Correlation Between Pipe Flow and Uniform Flow in a Triangular Open Channel,” by Ww. 
Owen, Transactions, Am. Geophysical Union, Vol. 34, 1953, pp. 213-219. 7 


‘ “Laminar to Turbulent Flow in a Wide Open Channel,” by W. M. Owen, Transactions, ASCE, V 


7 **Laws of Flow in Pech Pipes,” J. Nikuradse, Forschungsheft No. 361, Verein Deutscher In- 
1933 in Technical Memorandum 1292, National Advisory Committee for Aeronautics, 
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with the turbulent-flow regime at mild slopes.2>:2 The subsequent presenta- a 
ts 
| — 
ie nature of the | 
‘turbulent flow in the triangular channel roughened with sand grains. This type — 
— 
; 
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ON OPEN-CHANNEL 


a ‘Thus, the present sand grains appear | to be effectively rougher than those of 
q a rs? _Nikuradse by approximately 1.4 times, : , and fully rough flow seems to occur at a 
: lower Reynolds number. The first of these observations is not surprising be- 

‘cause the sand ‘grains “used i in the flume, were ‘not as closely packed as were 


ey A better understanding of the nature of the flow is obtained through studies 


of the velocity distribution. Thus, in Fig. 5, velocity traverses obtained for 
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11 Factor n tr 90° R to 


turbulent flow i in the smooth 90° flume | have been presented. Similar measure-_ 
- ments in the roughened triangular flume have been taken by D. B. Y. Chen. iq 
_ These measurements were made in the same 55-ft flume used by Owen. a The : 
sand-grain roughness was not identical, but grains of the same size were simi- 
~ larly attached. * That the roughness was effectively the same is evident from 
the general agreement of the friction factors in Fig. 11. More baffling was — 


added at the entrance of the flume to improve. flow symmetry. The 


“ol Teng ag Be of the Velocity Distribution in an Open Channel Having a Triangular Cross Section,” 
a E y D. B. Y. thesis presented to the University of Illinois, at Urbana, in 1955, in partial fulfilment a 
the requirements for the degree of Master of Science. 
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_ LANSFORD-ROBERTSON ON OPEN-CHANNEL FLOW 4 


static tube, which diameter of 0. 106 in, For a flow depth of 0.518 ft, 
locations were . The reliability of the velocity 
i ig was verified through comparison of integrated discharges with those obtained — 

by weight. The integrated discharges were consistently smaller by app appre 
; ‘The results obtained for the smaller depth and roughness (2 R/K = = = 294) are a 


“shows 1 as contour ur plots i in Fig. 12.  Thes: symbols in the upper plot represent the | - 
ee at which the velocities were actually obtained. The differences be- — ae 

tween the several plots are most apparent when one considers the maximum 
velocity in “magnitude and location. As the Rey nolds number increases, the 
ratio of the maximum velocity to the average velocity increases, and this maxi- De 
mum is found nearer the free surface. _ The thirty traverses made were ave 

by noting the rati o of maximum toa average velocity, the of 


1.21 


@=1.388 


= 1.996 


depth of the maximum-velocity location to depth of d. The results 
“a are shown in Table 2 and, in general, agree with the trend shown i in Fig. 12. 7 


However, , most of the measurements were taken in the r region of ‘rough 
flow, in which the friction factor presumably depends only on the relative a 
J ness and not on the Reynolds number. Variation of the velocity ratio with the 
relative roughness, as found by Nikuradse in rough pipes, is not evident from 7 
i: data, due either to lack of precision or to the effect « of the free surface. “_ 
_ Five of the velocity traverses taken by Chen were analyzed to determine 
— profiles i in the rough h flume i ina manner similar ‘to that presented by the 
--- in Fig. 6 for the smooth condition. Profiles have been obtained on 
the center line and on normals to the side walls passing through the point of | 
- maximum velocity. In 1 the latter case, values of the velocity were determined — . 
4 from velocity co contours sketched with the aid of the measured data. The re- 
- sultant velocity profiles are presented in Fig. 13. Comparison of the pro-— 
files on the center line and the normal lines indicates effects similar to — 
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144,000 1.164 | 0.238 1.235 | 135,600] 16.5 


& 031 | 2.431 1.211 


q Deprs or Water, d = = 0.518 Fro 


74,360} 6.9 | 1.175 | 0.212 | 0.908 | 65,200 , 1231 | 0254 
/ 98 | 1.204 | 0.169 | 1.275 | 94/000 1.181 | 0.212 
(13.6 | 1.232 | 0.135 | 1.863 | 134,000 : 1.240 | 0171 


‘Value of velocity ratio 


Fie. 13.—V ELOCITY Prorives vor Roves Tursutent Fiow IN ‘TRIANGULAR Fiume 


— ‘TABLE 2.—Summary or Maxmwum Vetocity Data From A 
— > 
— in 
0.0005 1.293 | 1984 | 107 
| 7 0.0005 
| 
a 
| 
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shown in Fig. 6. The mean lines aS through th the dite have the senile: 


For the normal— “ee th 


= 3 5. 75 log 


‘ and, for the center jine— 


— 4. 1 Io 
comparison with Nikuradse’ 8 pipe work. In 1 making this comparison Eq. 24a 
is found to be close to Nikuradse’s equation for the velocity profile on fully 
‘Tough pipe flow. Such a similarity i is coincidental because it it has already been _ 
= ‘noted that the roughness heights of the sand grains used correspond to higher - 0 
values of Nikuradse** sand-grain roughness. Another factor influencing these a 


‘Thus, for the center-line trave verses, the effective shear must be much less ee »> 
the mean value used to compute — 
_ An indication of the variation in the wall shear stress around the wetted ' 
perimeter. of the flume has been obtained from the velocity. measurements near- R..% 
_ est the side wails. For each such measurement the Nikuradse rough pipe — 7 
velocity profile equation, corrected for the different effective roughness height ey 
of the sand g grains, was used to ) compute the value of the local shear-stress v veloc- 

w,. From a detailed analysis of the Nikuradse velocity measurements 

_ “near the wall, this equation has been found to apply for values of w, k/v greater jee 
than 4.4. For the traverses a analyzed, D, k/ y was not less than 8.4. ahs This indi- : 

an error when w/o" is less than 0.52 0. 23). The square 
of the ratio of w* to the > mean shear-stress velocity, stad yields the ratio of = 

ear stress to the average, or - TRS’ . The variation in wall shear stress up 2 


‘the side of the flume i ts Presented in beg Fig, Although t there i is is considerable 


w all all shear-stress v variation. 
. For rectangular rough channels Keulegan® has analy zed Bazin’s data in a 
similar fashion to obtain the peripheral variation in wall shear. He notes that 
7 4 the shear h has a maximum value at the midpoint of the bottom and a minimum 


value at the corners. 


turbulent flow will further a basic understanding of the phenom. 


of Turbulent Flow in Channels,” by G. , Journal of Research, 
Bureau of U. 8. Dept. of Commerce, Washington, 21, December, (1938, Pp. 73 
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between Baxin's velocity traverses and the Nikuradse velocity equation. The — 

a — that additinnal studios and walasiic. ditvhutions in 

— 


—_— It is hoped that the siahicial included herein will help to | give a ve a clearer in- 


sight into some phases of open-channel flow, supplementing the e: excellen ant 
verage presented by the authors. 


‘Depth, d,infeet | 0. 0.518 0.788 


Roughness, k, in feet | 0.0025 0.0025 0.00125 | 0.00125 
a Slope, 0.001 =| «(0.001 0.0005 
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1G. 14.—Suear-Srress VARIATION UP THE SIDE oF A 90° FLUME 


‘This to imply that the theory based on the Navier-Stokes 


4 oh is applicable to the extent that it will yield an accurate pee ofthe 
velocity distribution. There is good evidence to the contrary. ch 


Fig. 3 shows a considerable deviation from om theory, a deviation ae is evi- i 


M. ASCE, show deviations of ons of comparable ‘magnitude (Fig. a Theoretical 


* Prof. and Head, Dept. of Civ. Eng., State Univ. of Iowa, Iowa City, Iowa. __ 


— 8 “A Direct Optical Method for Measuring Fluid Velocities in Laminar Flow,” by Ellis B. Pickett, _ 7 
‘thesis presented to the State University of Iowa, at Iowa City, in 1950, in partial fulfilment of the require- 7 
“ments for the degree of Master of Science. ee ee 
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5 studies based on differential equations that desisibe the behavior of actual fluids — ., 
‘more precisely than the Navier-Stokes equations yield. significantly different 


32,33,34 


ened 


Lines of symmetry for 
“parts of the distribution 


Me 


Lorenz G. Srravs,** M. ASCE, Epwarp SILBERMAN, AND HerBert C. 


is 

ASSOCIATE MemBERs, ASCE.—The writers appreciate the comments 
of Messrs. Lansford and Robertson and of Mr. Posey, which eas ‘served to pe 

_ With respect to the filament of maximum velocity i in laminar flow, _ 


= Within limitations no was found that exceeded the sur- 

face velocity in in laminar flow. O On the other hi hand, for most turbulent-velocity can 

Ineasurements with the same limitations, a maximum was found beneath the 

_ surface, even at Reynolds numbers as low as 6,000. After the paper was pub- — 

: lished, another tl thesis was completed in which laminar-flow velocities were mea- 
_ sured by an electrical conductivity method. a8 The closest readings gs beneat h 

the were about 0.2 and, again, no maximum was There 


ss: 32 “Experience, Theory, and Experiment,” by C. Truesdell, Bulletin 36, State Univ. of Iowa, lows 


anda a ‘Hydrodynamics of non-Newtonian Fluids,” by R. S. Rivlin, Nature (London), Vol. 160, 1947, p. 611. 
in Rectilinear Motion of non-Newtonian =“ ” by J. L. Erickson, 


“*Overdetermination of the S 
Quarterly of Applied Mathematics, Vol. 14, 1956, p. 318. sities 
Mis St. Anthony and Prof. and Head, Dept. of Civ. Univ. of Minnesota, 
inneapo! finn. 
Prof., St. Anthony Falls. Hydr. Lab., Univ. of Minnesota, Minneapolis, Minn. 
Hydr. Engr., Research and Development, Kimberly-Clark Corp., Neenah, Wis. _ al 
#8 “Laminar Flow Velocity Distribution in a 120° Triangular Channel,” by H. Howe, thesis presented _ 
to the University of Minnesota, at t Minneapolis, in 1956, in im partial fulfilment of the requirements for the 


of Master of Science. 


_ 
Teasonabdie to expec 180 VELOCILY DULIONS u aDD 4 
7 q from geometrical similarity might still have nearly the same over-all rate of » ae ee 
friction loss. This explai shown in Fig. | = 
| 
4 
“a Because approximately 15 min were required for each pitot-tube read- 
; a ing, it was not feasible to search for the filament of maximum velocity. Veloc- a oS 
- _ ities were obtained by the tube at no closer than 0.2 in. below the surface (ap- } - 
4 
; 
il 
— 
face. The isovels in Fig. 15(6), presented in Mr. Posey’s discussion, seem to 
fi indicate maximum velocitv at the surface also. ©... ‘tn 
— 
a 


regarding: applicability of laminar-flow to 

- in open channels were intended to apply mainly to the friction factor and to 
wall shear stress (conclusions 1 and 3). Mr. Posey is correct in stating that 
the predicted velocity profiles are not accurately comparable with theory at 
distance from the wall. It is be- 


TABLE 3. —Lamina aR Watt Dis- lieved that the discrepancies are sure 
FOR A 90° TRIANGULAR effects, probably attributable 
to surface tension. There is every 


to believe that the water and 


kerosene use used in the experiments 
——— described in the paper behaved as 
0700" 030 | fluids, and that the dis- 
A crepancies explainable by 
of differential equations based 
Posey had included mean-flow data 
Fig. 15(b) from Pickett’s wed 
"urements, better comparison could have been made with the theoretical 
sults given graphically in Fig. 15(a) ‘and analy tically i in Appendix 
In connection with re 14 of Messrs. Laustord and Robertson, Table 3 
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t Rounded November 5, 1852 yikes ale 


TESTS, LOW- SILL ‘STRUCTURE, OLD 


MLO 


4 
‘Fo AND CHARLES I Nase AND 


Roser I. Kav AD 
if comprehensive pile testing program was at the site for the 


. low-sill structure for control of the Old River, Louisiana . The object of the pro- = 


carry the design « compression tension without a any significant move-_ 
ment of the structure. Information regarding the driving of displacement 
nondisplacement types of piles was also desired. Fourteen-inch H-piles 
7 and pipe piles r ranging from 16 in. to 20 in. in diameter were driven and tested. = 

The details of the loading arrangement and test procedures are described. Be-— a 
4 cause from 50 ft to 60 ft of alternating strata of silty sands, sandy silts, and 
7 clay overlie the sand beneath the e structure, both the total bearing capacity and i. 

7 the bearing capacity of only the section of the piles penetrating into the sand © 
a were measured. The load carried by that section was computed from ein 
measurements that were made on rods attached at different | points along the 
‘~ pile. After the compression tests were completed, the piles were allowed to ae ; 
rest and tension tests were performed on all piles but 
ai From the pile-load tests, either 20-in. steel- -pipe piles, 20-in. ‘precast-con- 


: ‘ crete piles, or 14-in., 73-lb-per-ft, steel H-beam piles, with respective penetra- _ 3 


tions of 15 ft, 12 ft, and 27 ft into sand, were satisfactory for carry- 


—Published, os printed here, in 1956, in the Journal of the Soil 
and Foundations Division, as Proceedings Paper 1079. Positions and titles given are those in effect when — oy a 
_ the paper or discussion was approved for publication in Transactions. 
1 Viee-Pres. and Chf. Engr., Independent Wellpoint Corp., Baton Rouge, La. ; formerly Chief, Geology, 
Soils, and Materials Branch, Mississippi River Comm., Corps of Engrs., U. é. Dept. of the Army, Vicksburg, 


: ge 2 Chief, Geology, Soils, and Materials Branch, Mississippi River Comm.; formerly Chief, Design and b 
Section, Embankment and Foundation Boils Div., Waterways xperiment 
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“PILE TESTS 
ing the of 100 in and 40 tons in tension, with an 
- ample factor of safety against both detrimental settlement and sudden plung- 7 
ing. The estimated average U unit skin friction i in the si silts was 0.64 ton persq 
ft for the piles tested in compression and 0.26 ton pers sq ft for the | piles tested 
in tension. The average angle of internal friction of the sand, which was com- 
puted from bearing-capacity formulas and the maximum load carried in the 
pile tip, was 33°. The strain-rod installation p proved to be satisfactory and ; 
a reliable in determining the distribution of applied load in the silt and sand strata. 


, of long piles, which were driven through alternating strata of silty sand, oe 
- @ silt, and clay into sand at a depth of from approximately 50 ft to 60 ft. - Be- 
- cause the pile foundation for the structure would be required to carry on 
loads in compression and tension and because there could be little mov yement, am 
a8 series of pile- loading tests was performed to determine t! the type, » size, and 
length of piles required to carry the design loads without any significant move- 
ment. Information was also desired regarding the ing resistance of both 


4 in ‘making the tests, ‘the ty pes of piles — and the results a and ie 


The low-sill. structure, which is a controlled spillway, is a principal feature 


of the Old River (Louisiana) control project, which was plenned for the control. 


| is located on the weak bank of the Mississippi River at a elie: that j is approxi- 
mately 35 miles south of Natchez, Miss. It is of reinforced concrete with — 


- ertical lift steel gates ; its gross length is 566 ft between the faces of the abut- 
m nent training w ‘alls; and it has eleven gate bays. 7 Four bays on each end of the 
structure have a weir-crest elevation of 10 ft mean sea level The three 
central bays of the structure have a weircrestof —5ft (msl), 
— ‘The gated section of the structure and the : abutment piers are founded on © 


4 piles to insure the stability « of the structure with respect to horizontal sliding 4 
and to prevent any detrimental settlement. For the design of the pile founda- , 


tion, it was assumed that the piles would be coneble of carrying design loads of _ 


100 tons in compression n and 40 tons in tension. _ Approximately 75% of the 
wil be on a 2-on-1 batter; the remainder willbe vertical 


wm tly he low-sill structure and pile test site are located i in an abandoned : rive er 


channel of ‘the Riv rer. Ana photograph of the the pile teat site 
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— 

the pile-load tests should be conducted in a test excavation, which would 
» & relieve the overburden pressure and skin-friction effects that would exist if the 
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relation to the Mississippi is shown in Fig. The soi soils beneath the 
. low-sill structure consist of alternating strata of silts, sandy silts, and silty sands, 
with sc some interspersed clay strata for a total thickness of from about 50 ft to i 
ar : 4 60 ft. Clean sands that are from 40 ft to 60 ft thick lie beneath the silty soils. — 
| % The sands are in turn underlain by stiff Tertiary clays. _ On the basis of split- 
ee borings made from the natural ground surface, penetration resistances: 
obtained in the silty-sand strata below El.—5 vary from 25 blows per ft to > 
_ More than 50 blows per ft. Below approximately E].—40, the split-spoon | re- 
‘sistance varies from 50 blows per ft to more than 100 blows per ft. After 50 — 
«ft of overburden had been removed by excavation for the pile tests, the split- or 
spoon resistances were one- of | those given in the fore- 


of ‘the structure be- 


ents. Such fills would | 


axis of the weir of the s structure. . Logs o of split- -spoon borings made at the test 
4 site are shown in Fig. 2. . The numbers at the left of the borings i in Fig. 2, are 
sy natural-water contents expressed in percentage of dry weight. The borings 
_ are classified in accordance with the unified soil classification system used by the | 


Corp Engineers, United States Department of the Army. Boring PT-1 was 


q 
— 
A 
1 
= 
— 
cause preloa were to be slopes as well as the 
have affected the stability of the site was 
at the bottom of the il conditions were similar to those along t a 
river and the structure, where the soi 
4 — 
is — 


soils at the test site (El. 48) were similar to those at the site for: the structure. va 
ele PT-1A was made in February, 1955, in the bottom of the pile test ex- | 
ettaastrenan (El. 0) to establish the effect of removing 4 50 ft of overburden on split- 
resistances (blows per foot) were deter- 
mined with a standard split-spoon sampler 
(inside: diameter equaling 1} in. and out-— 
én side diameter equaling 2 in. ) and a 140-lb_ ei 
jan 


LABORATORY Tests 


graded, SP ta The sh shear strengths 0 of the silts and . 
Ging sand = sands that underlie the proposed structure 
determined to estimate initially the 
easing: capacity of the piles. Laboratory 
tests on undisturbed samples taken from 
3.5 beneath the proposed structure | indicated 
an: average shear strength « of = = 0.1 ton 
sq ft for the silts and sandy silts, 
| and a corresponding angle of friction, o 
equal to approximately 28°. The ‘shear 
strength was selected from the results of 


i 


+ 


ha 


levation, i 


 consolidated-drained direct shear tests. 
triaxial tests on both 
undisturbed and remolded samples 
dicated an average value of ¢ of f approxi- 
mately 36° for the sands. 
Consolidation tests on representative 
samples of the silty stratum below the — 
structure indicated that there would be 
ey significant settlement of ‘the structure if 


: ‘i the piles were founded in n this stratum. tum. 


even more compressible. This | conclusion 

was substantiated by the 5-in. settlement 

of a plug installed | in the silts below the 

- proposed structure ‘under the 30- 

our teat preload ‘fill for the south abutment. 

1G. Boring rebound plug installed beneath the pile 

a showed that | from 2 in. to 4 in. of rebound could be expected upon e exca- 


test excavation prior to excavation _ 


La 


Pier’: Test Program. —Thes seven piles tested are desctibed | in Table | and in Fig. 3 
“ ‘shiteeaih it would have been desirable to have driven and tested some piles on 
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ca 18 pipe filled with concrete 


t 

_ the benefits. It was also believed that the load-carrying capacity of a batter — 
- pile would not be appreciably less than that of a vertical pile driven to the same pe ie 1S 

depth. Experience at the Morganza (La.) F loodway control structure had = 

“crete piles on the same batter (2 on 1) 
could be driven satisfactorily through 
a clay stratum that offered ipprexk, 

mately the same resistance to driving 


> 


> 


pe 


as the silty soils at the low-sill struc- 

is Excavation for Tests.—The 


tests were conducted in an 3 


vation in order to relieve the over- 


burden pressure skin- ‘friction 
effects that would have existed had the 
piles been tested at the ground sur- 
face. Fig. 4 ‘shows some of the piles 
loaded in the test excavation. The 
4 bottom of the excavation was at El. 0 Ww 
and had an inside clear areaof 100ft | 
150 ft. Thehydrostatic pressure || |. bac lo velit 
the deep sands below the pile test ing 
excavation: controlled by deep 
wellpoints, so that an uplift pressure Pus Tests 
> was created at the topofthe bearing lo lig 
sand that was approximately equivalent to that which will ‘exist beneath a 
a SS oe the tests the hydrostatic head in the deep sands was kept be- ss 


525 ft upstream of axis of weir 


“Review of Soils ana Design Field Observations, Morganza Floodway Control 
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“4 driving of the piles and testing was approximately 2,500 lb per sq ft. 
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iil 


"pa 
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pon 


of and ‘Strain-Rod I nstallation. _The of the te test sand 
the anchor piles i in the test excavation is shown in Fig. 3. ‘ Pile 1 and pile 3 were 
14-in. H-beams; piles 2, 4, 5, and 6 were empty-pipe , piles 1 with a 3-in- thick 
bottom plate. “Pile 3 was also equipped with a square bottom plate that was” 
tin. . thick. Pile 7 7 was a pipe pile and was filled with concrete. 
2 - Because the quantity of differential settlement that can be ‘tolerated ceil 
* low-sill structure is small, it was essential that the pile foundations would not 
only provide an adequate factor of safety w with respect to the failure of the piles — 
by plunging, but also that it would i insure that there would be no significant 


“ceeded because of the ‘compressibility of the silty soils beneath the structure. 


Such settlements along the structure would not be uniform because of the vari- 


a. - nature of the silty soils and the presence of random clay strata in the silty 


4:—Generat View or Loapine Tests 


| it was necessary determine the load on a pile 


_ could be carried in the underlying clean sand. In order to determine the dis- 


a tribution of load in the pile and the load carried in the sand during the tests, all 


4 


7 
settlement of the structure over a long period of time. Considerable pen sen 
could be expected if the carrying capacity of the pile tips in the sand was ex- i 


the test piles were equipped with strain rods except pile7. = 


Bi. The rods were mounted on the outside of the pipe piles and were protected 
q by 4-in. . channels, which were welded continuously along opposite sides of the 5, 
a pile. Details of these rods are shown in Fig. 5. Six were installed on each pile _ 
for pile 5 and 7. Only 5 were installed on n the former pile | 


os steel pipe. ie that reason the - pipe piles. with actual outside diameters of 16 
in. 181 in. , and 20 in. had effective diameters of approximately 17 in., 19 in., and . 


VAs 


arg 


4 : 21 in., respectively. Strain rods were at attached | to the web of H-beam piles 


g 
— 
— 7 
q 
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ea = concrete before driving. The channels resulted in an increase in t . 7 
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tight weld 


Continuous water 


at, 


an 


zs? hole for 


id anchor support 


tod 


Lower rod anchor 


ower ro 


+a 

NGITUDINAL ELEVATION 
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” changes i in temperature during the tests. tot awn 


+ 


was used to to delve the piles hammer with a No. 0 frame and a Vulean 


ar — 
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me 


f 
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ish 

No. OR ram was used to drive the test piles. . The ram, which weighed 9 oe 


Ib and had a stroke of 39 in. n., imparted a: an energy of 30,200 ft-lb. re 
’ Ties Test Piles.—All test piles were driven vertically into sand except pile 5, 
which was stopped i in the silty material overlying the clean sand. ‘The average 7 
- penetration of the piles i in sand was ; from approximately 15 ™ we 18 ft except 


pile 1, which penetrated t toa depth of 32 ft. 


— 

a 722 ne two 4-in. p piles, the effec 

— he result tk before fer to 


mee 6. yi All the piles were driven with a Vulcan No. OR = The driving 

-gesistances were generally less than had been anticipated on the basis of the 

Split-spoon driving resistances. The removal of 50 ft of overburden reduced 


split-spoon driving r ‘resistance considerably | and, presumably, reduced the 
_pile-driving resistances. The driving resistances in the silty soils above ap- 


ft. The top ms the clean sand at approximately El. — 50 was marked by a sharp . io 
“increase in the driving resistance of pipe piles, although only a minor increase in _ 
Tesistance when the H- ‘beam piles the ‘sand. The 


allation consisted ota specially built pedestal, 

was wert on top of the test pile; either one or two. hydraulic-jack rams 

- mounted on the » pedestal ; and a platform to jack against, which was loaded with 
concrete weights supported on twelve timber anchor piles. A steel plate, which 7 
j was 1 in. thick, was welded to the top of each test pile, and a thin layer of plaster 
of paris was u used between these plates and the jack } pedestals to level the tops of 
q the pedestals. Pieces of plywood, which were } in. thick, wer2 used at the top 
of the hydraulic jacks to provide u uniform contact. ‘The hydraulic jacks \ were — 
of 200-ton capacity an and 300-ton. capacity. Hydr ‘draulic-jack pumps were located 
approximately 40 ft from the test piles for safety and were connected to their 
# respective jacks with t-in. high-pressure steel pipe and | copper | tubing, which had 
an inside diameter of ti in. When two were used on one pile, they 


‘The loading platform consisted of six 21- in., , 62- Ib I-beams, which rere 
; 16. 5 ft long and were placed center to center with two 30-in., 132-Ib co 
Ww hich were 14 ft long. ~The latter were placed across, and welded to, the 21- -in. - i 


or r 18 i in. epart. For the compression | tests the hydraulic jack or jacks operated — ay 


iy 


against the two 30-in. I-beams beneath the | platform. The anchor-pile -caps 
consisted of 12-in.-by-12-in. timbers, which were approximately 14ftlong with — 


-in. “square steel plates, which were 1} in. thick, placed between the steel 


jacks were placed on top of the 30-in. | -beams. 

aa Specially | built frames, shown i in Fig. 41, were ‘mounted on each side of the 


Fay to : support the dials bearing on » te of the strain 1 rods. . These frames were 


direct to 0. 0. ‘in. were used on each rod In addition to the Tefer- 
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pile lugs. plates waved as contact surfaces for the stems of the dial 


4 gages used to measure e the vertical movement of the piles. Two dial gages read- 


_ supports to a reference on so that their stems rested on the reference plates - - 


diametrically « opposed points. The dial supports were fastened to the reference 


beam with C-clamps, and the arms of the support were made equal in length and ‘ 
as short as practicable. The reference beams shown in Fig. 7 consisted of a “4 


= _4-in. channel, which was 16.5 ft long and reinforced with a slightly shorter 6-in. 4 q 


channel, which was welded to the web of the 4-in. channel. The ends of the 


§ reference beam were supported by 4-in-.by-4-in. H-beams, which were driven 
approximately 11 ft into the ground. One end was fixed, and the other end 


4 


ARRANGEMENT oF REFERENCE Beam, 4 
-Deriection Gaces, anp Srrarn—-Rop GacEs 
3 rested on a smooth, rounded edge to permit contraction | and expansion under — 


_ vary ing ‘temperature. ‘The reference beam was kept shaded during the Toad 
_ tests. ely beams were located as close as practicable to the test pile eral 


In order to check the settlement of the piles and to doterinine ‘ehisll the 
reference beams moved during the tests, periodic readings were taken with an 
_ engineer’s level on level rods, which were attached to each pile and at each end — rf 
_ of the reference beam. A separate level was used for each pile being tested, 
and the level tripods were set i in 1}-in. ID pipes, which were 3 ft long and had 


been driven so that they were flush with the ground. elevations: of 


‘PILE TESTS 
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— Ing direct vO U. In. Were used On each ple vested LO measure une Veruca 
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PILE TES 
benchmark, which w 8 i telienal in the excavation and consisted of a pipe that 
driven into the sand below El. — 55. to: 


‘Loading Procedure and Observation Pile Movement. —Concrete weights, 


= _ two increments for pile 2 and pile 4 in order to prevent an excessive increase in 
wo effective surcharge at the test pile tip resulting from the weight of the idaded es 


platform on the anchor piles. The first load increment was placed on the plat- ie 


= form before the testing commenced, and the second increment was added during _ x 


test at a time when n no load wasonthe pile 


400 


| | 4, 


8 


| 


300 


FOR Pre AND ‘Pitz 2 


weeks after had been driven. were applied in 20-ton incre- 
‘ments: during the fir first part of the test and in 15-ton increments during the last aS Secs 

E “a part. Each increment of load was intended to remain on n the pile for 12 hr, or ee 

@ until the observed movement of the pile was less than 0.010 in. per hr, whichever | 

occurred first. However, it was noted during the first loading period that from 

: approximately, 80% to 90% of the movement occurred as the load was being © 

o Placed on the pile. Therefore, it was decided to have each subsequent load 

fe 4 increment act on the pile fe for a period | of only 1 hr. In order to establish the 
elastic an and net load-movement. curves for each pile, the load was removed at 

intermediate loads and the was allowed to rebound. thes 
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inns 
and were placed pri i — 
rior to loading the piles. The platform load _ 
m load was placed in 
(aur 
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Ea 2 Continuous time-movement 1 records of the pile butt, as determined from the Bs 
average reading of two dial gages that were attached to the reference beam, ee 


were kept foreach pile. Similar time-movement records were kept for all strain ie 
rods. periodic intervals the settlement of the pile butt was also measured 


—- Test Results. —Continuous records of pile load and movement versus s elapsed — il 
_ time during compression tests on pile 1 and pile 2 are shown in Fig. 8. . Time- 


ry 
- movement curves indicate that for all test loads the movement was very rapid aH 


_ Additional data concerning pile 1 and pile2aregiveninTable2, = = | 
= ae The compression test data for piles 1 through 6 are shown in Figs. 9, 10, and bay 


11. Fig. 9 shows the location of the strain-rod anchors and the distribution e 


a the applied butt load along the pile based on ‘Strain-rod observations. Plots 


3 plotted i in Fig. ae 
in Piles and Soil 
eae Fig. 9) were computed at selecte 
“TABLE 


location 
Tested len 
Imbedded +4 in feet 
Elevation of tip 
Elevation of butt 


applied as solid at the top of the graph: ‘The open 


represent loads computed from strain-rod movements. a It was ae hie 


in which P denotes the average load in pounds between any two strain-rod — 


anchors; E is the modulus of elasticity for steel (assumed to be 29 x 10° Ib te 


Ber per sq ir.) ; A represents the cross-sectional area of the steel pile, including chan-_ 
_ nels, in square inches; Ae designates the difference in the observed strain, in Png 
___ inches, between adjacent strain-rod anchors; and AL is the distance between eee 


er. ee The accuracy of the loads computed from the strain-rod data is demon- s: 


strated by the favorable check of the computed loads near the top of the pile 


the applied butt load. ‘rep 


_The load-distribution curves represent the load 
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Fro. —Disrarsution or Loap In Pires Durine Compression Tests; INSERTS SHOW THE 
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“PILE TESTS 


ag is transferred from the pile to the soil at that an — is a measure of the 
frictional resistance mobilized at that point. The shape of the load-distribu-— 
, t tion n curves indicates that the applied pile loads are carried by skin frictipa i in the 
gilt stratum, and by skin friction and tip resistance in the sands. The skin us 
a. friction in the sands decreases near the pile tip. For pipe piles a habe part of 
_ thes skin friction ir in the sands was developed near ‘the top of the sand stratum. r 
m Pe A possible explanation of this fact is that mobilization of the tip. resistance at he 
>, the bottom of the pile may tend to reduce the lateral seen of the sand scthnet 
the pile 1 near the bottom. x aint 
ae Bs The | quantity of skin friction mobilized in the silts : x any. point hon 
pile can be determined by comparing the slope of the load-distribution a 
with tl the slopes § Pare in the insets i in in Fig. 9 9. The effectiv e circumference ce used 


is Pile failed to - 
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determining the skin friction between the pile the silty was taken 
$ the minimum peripheral circumference of pile and soil for the H- beams and ~ 
coh piles with channels. It was considered that the shear strength of the silts — ‘ 
ould be less than the iat strength developed between the pile and the soil. 4 
‘The effective circumference used in determining the skin friction between the — 4 
_ pile and the sands was also taken os the minimum peripheral circumference of _ Gg 
the pile and soil for the H-beams. However, the actual circumference 
“te contact surface between the pile and the sand was used for the p pipe piles aad 
a channels, because laboratory tests indicated that the coefficient of friction a 
- between sand and steel was less than the coefficient of friction between sand — 


| sand. The effective circumference of the piles in the sands is slighty 


| 
; 
a 

— 
— 
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From the. observed test data, a curve of gross of the pile butt 


bi a versus the pile load was developed for each pile (Fig. 10). These curves were 
used in estimating the failure load of the piles. The net settlement of the pile: rea 
- is also shown on the same plots. This is the residual settlement that remained; _ 


after the test load was removed from the pile, which was permitted torebound. __ 
fe The difference between the gross and net settlements of the pile butt is = 


4 elastic compression of the pile, which, at any test load, was equal to the rebound a 


_ that occurred upon release of the load. Also shown is the tip-movement curve. a 
of the pile, which was determined from observations on the bottom strain-rod 
anchor. Favorable agreement was obtained between the tip-movement curves 
and the net-settlement curves. The difference between the tip-movemen 7 
_ curves and the net-settlement curves at a given butt load is believed to be the 


A elastic compression in the pile resulting from locked-in stresses. 
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From the curves in Fig. 9 and Fig. 10, load-versus-tip-movement curves were 7 
= determined for the various soil strata and pile tip, as shown in Fig. 11 . The : air 
q Boe a loads carried by the pile tip and the sand stratum are closely related to the tip. i 7 
Movement, as shown by the graphs in Fig. 11. The. load-deformation char- 
a acteristics of the silt stratum are less accurately represented by the relationship — 
a with the pile-tip movement because the tip movement is not representative of 
- deformations in the silt stratum. However, the latter plot i is raleo shown oe ee 
4 Pile Failure Loads.— Various procedures were used to obtain values for the 
pile failure loads, and an average was taken of the values for each pile. The 
criteria used to select failure loads were as follows: to tie were 
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The load that a or sottlement of 0.25 in.; ato 
hig The load indicated by the intersection of tangent lines drawn. iciaey 


iy the initial, flatter section of the gross-settlement curve into the steeper part of 


The load beyond which there was an increase in “gross settlement dispro- 

load at which the slope of the plastic- or net-settlement curve was 

- four times the slope of the elastic deformation curve;and ste 
-_e. The load beyond which there was an increase in plastic or net settlement — 


The results of the analyses of each test are given in . Table 2. #4 12 shows the 
failure loads plotted against the effective diameter of each test t pile. ‘The failure” 


load of the pile is based on the average 2 of five methods for computing this load. 


Tan- 
0.25-in.| gent 

net inter- 
settle- | section met | failure 
ment, | gross ;, | curve, | load, 


in tons | curve, |i nemcen in tons | in tons 


296 309 
314 


4 58 158 
365 | 370 
120 130 
318 | 343 
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46 
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* Pile 4 was not loaded to failure. Failure loads are based on extrapolated load-movement curves. oa 


The total load in the sand is based on a 0.25-in. tip movement from weaivtvost Stesiteod 


ae: load carried | by the sand (point bearing and skin friction) at a pile-tip 


Mov ement of 0.25 in. was selected as a maximum safe value for design. purposes. _ 
From the load in sand versus on curves (Fig. 11), this load i is ap- - 


: sz sand are shown in Table 3. The load i in sand versus effective diameter of j 
 Nedibedtiea Sizes and Lengths of Piles.—In order to establish the required size — 
_ and length of pile to carr rry the design load of 100 tons in compression, curves: 7 


of best fit were drawn per the plotted points for total failure load versus 
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PILE 1 TESTS 
be ‘sand could carry the design lo ad of 100 tons in sand with a safety factor of 1.35. E 
7 Test pile 1 carried a total load of 142 tons in sand and penetrated 32 ft into the a ‘ 
sand. . Therefore, it was estimated that a 14-in. H- -beam could carry the design ) 7 


; load in sand with a 27-ft penetration. A 20-in. precast-concrete pile with a 
‘ - 12-ft penetration would have the same load-carrying capacity in sand as a 
20-in. pipe pile with a 15-ft penetration. The shorter length for precast-concrete 
‘piles, as with the steel- l-pipe piles, is based on an estimated 


sand, compared with steel and sand, as 
obtained from laboratory shear tests. 
© Total load in leo Approximate analyses utilizing lab- 
1 Test pile number | oratory consolidation data for the silts 
the | settlement observations within the 


04 silt stratum beneath one of the preload 
we fills indicate that the silt stratum be- 
neath the structure can carry approxi- 


20% of the e design | pile load with- 
Design load= 7} appreciable settlement over a long 
rote "period | oftime. Therefore, the piles are 
considered to have of safety of 
from 1.5 to 1.6 against detrimental set- 
‘tlement. Such a pile will have a safety 
factor. of approximately 3.5 with respect 
_ to failure by plunging, based on mobil- 
Effective diameter of pil, in inches izing the full of the silts 7 
Prive DIAMETER FOR COMPRESSION TESTS On the basis of the load-vers ~versus- 
pile tip will occur as the los leati is applied. . How ever, there will be minor elastic | 
4 compression of the pile tip. As the 100-ton design compression load is eventually 
_ transferred from the silts to the sands as a result of consolidation of the silt, the _ 
- tip of the pile will settle approximately 0.20 in. The latter value i is significant 
because it indicates the magnitude of the probable whole 


Loading Procedure and Observation of Pile Movement tests were 

7 performed on | piles 2 through 6 from approximately two to three weeks after — 7 
the piles were tested in compression. Loads were applied generally in 20-ton 

_ increments. The The piles were tested either to fi failure or toa maximum tension — =a 
load of 200 tons. Each load increment, e: except. as otherwise indicated subse-_ 

a quently, was to remain on the pile until the rate of movement was less than 
0.01 in. per hr, or | for 12 hr, whichever period was of less duration ; each incre- 
ment was held for a » minimum ¢ of lhr. At intermediate loads the load was re- 

moved from the pile, which was allowed to reach The rate of load 


_ Continuous time-movement records of the pile butt, which were aver 
‘from the average reading of two dial gages attached to the reference beam, were 
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iti "Failed to 2.761in. under 195 ton load, | frestimated value 200 


rebounded to 2.508in. under no load (jack pumped 175 
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“ kept during each test. Similar records were kept for all strain rods. ‘The 
movement of the pile butt was also checked periodically by an engineer's level, : * 

_ as described for the compression tests. are 

_ Test Results.—A continuous record of pile load and movement versuselapsed 
time during t the tension tests on pile 2 is shown in in Fig. 1 13. ‘The ti time-movement 14 1 
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for oie 3) are shown in Figs. 14, 15, and 16ina louse similar to that used for the 
- compression-test data. The computed distribution of pile load, gross- and 7 
net-movement curves, and a plot of the load in the silt and sand strata versus 
the tip mov t ] ded. 
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Fic. 16.—Loap IN Sor Versus Tip Movement FOR TENSION 


The strains and corresponding in the pile were at selected 


results of the strain-rod analysis indicate that the pile 
affected considerably by residual compressive stresses that had not been fully 
dissipated after the compression tests. Unusually | large and often erratic tensile 
strains were manifested within pile Suing the application of tension loads. 


ae == nt of the pile took place very rapidly a _ 
— 
— 
— 
+ 
4 
— 
— — 
a en) ~ loads in Fig. 1 4. In general, scatter in the pile loads usually occurred near the =~ 
— 


x 

top é the sand stratum, where the intensity of the load contied byt the soil had 

been at a maximum during the compression tests. _ This scatter may result from — 
ry 
residual compressive stresses in the pile and soil. In addition, it appears that 
_ the residual compressive stresses in the pile are less for those piles that failed - 
- _ by plunging than for those that were not tested | to failure, because little or no _ 

_ scatter was present in the data for the former. — However; the: estimated dis- ; 
4 tribution of load in the piles shown in Fig. 14 is believed to be reasonably ac- 
curate. The load-distribution curves indicate that the applied tension loads 

are carried by skin friction in both the silt and sand strata. The skin friction 7 ; 
at any depth in the soil strata can be determined by comparing the slopeofthe = 
load- -distribution | curves with the slopes shown in the | inset. Asi in the com- 
pression tests, the skin friction in the sands is ‘approximately 5% less than that i 

indicated by the slope of the curvesin the inset. by 


a Gross-movement curves of the pile b butt versus pile load are shown in Fig. — 


15 for the various s piles. s. These cur curves were used to estimate the failure load of o 


at 
_Inapeetion of of Curve: ve | 0.25-in. 
Gross | Net curve,| 
~ Bone 


plate ang 50° 


the piles in tension. The net rise of t the pile butt i is also shown on these graphs 
and is equal to the: gross. rise of the pile butt minus the elastic movement that . 
resulted when the pile load was removed. Also shown for comparison on the _ 
same plot is the tip-movement curve, “which was plotted f from m information t that —— 
was obtained from observations on the bottom strain-rod anchor. ‘The tip- ‘ 
} « movement curves and the net-rise curves are in agreement. AS stated for the 
compression tests, the 2 difference bi between the two curves: ata given butt load 
_ is attributed to the elastic strain in the pile that results from locked-in stresses. 
Fig. 16 shows a plot of the loads in the silt and sand strata versus movement 
dé the pile: tip as determined from movement of the bottom strain-rod anchor. 4 
iq The curves represent approximately the load-deformation characteristics of the 
two strata. tip movement is not representative of the deformation in 
AR —The failure loads of the piles in tension, which 


: shown in Table 4, were based on an inspection of the gross- and net-rise curves — 2 
for the load beyond which there was an increase in movement that was | dis- 


‘proportionate to the increase in load. second condition of failure was s based 


| 

| 

q 

— 

4 

| 

a 

4 — 

| 

inches 

q — 

— 

| : 

— 

— 

a 

; 

— 

im 

iim 

— 


‘on limiting the gross rise to tolerable amounts. A gross rise of 0.25 in. \ 
taken to be the limiting criterion for this condition: — As shown in Table - 4, the a 
loads determined for the latter condition tend to be approximately equal to or _ 
less than the failure loads based on the net- and gross-rise curves. The failure © 
loads versus effective diameter of each test pile are plotted in Fig. 17. ‘The 
-20-in.-diameter pipe pile that was selected for the structure from the compres- a 
sion test had a safety factor of approximately 3 with respect to the ultimate 
capacity of the pile in tension ‘The other piles selected for the structure on =. | 
basis of compression-test dete also have high factors of safety with respect to 
the design tension load, which was 40 tons. The total load in _ the sand is 
based: on a 0.25-in: tip movement determined from strain-rod data. bao 
‘The’ maximum tension loads for each pile that can be carried by the sands" 7 
alone are g also | shown i in Table 4and were based on a tip movement of 0.25 in. as a 
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irs 


determined by the strain rods. The tension loads v versus the effec- 

tive diameter of the pile are also plotted in Mig. 17. The sand alone is capable — 
of carrying the design tension ton with a ‘safety factor equal to 1. 15 for t the 


proposed j20-in. diameter ‘pile. ‘The factors of safety for the other proposed 


The capacity of the piles in compression was computed from dynamic pile- 
~~. formulas (Eqs. 2, 3, and 4). The equations are for a single-acting — £ 

' os _ hammer. Eq. 2 and it Eq. 3 include a factor of safety of 6, and Eq. 4 includes a a 
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Tires « ineering-News Modification 1) R = 


(Pacific Coast Uniform Building Code) Ry 
1 ub 


in which R is the allowable carrying capacity of the pile, in pounds ; Ry i is the 


ultimate carrying capacity of the pile, in pounds; W designates the weight of the 


falling mass, in in pounds; h denotes the height of free fall of the ram, in feet; s 


TABLE 5.— RELATIONSHIP BETWEEN PILE—DRIVING. 


a4 a: 


> 


| 

| 

ENGINEER-| Inc~-NEws 
u tnc-News | (Mobpirt- 

CATION 1) 


105 | 1.21 
121 | 1.04 


Average, excluding pile 3 and pile 5 1.51 


-s * Effective diameter of pile. » Failure load based on 0.25-in. tip movement. ¢ Formula capacities — 
: are allowable loads. ¢ Ratio is the test failure load in sand divided by the ene capacity. ¢ Formula al 
= are ultimate loads for which a safety factor of 4is recommended. 
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& 
ie ; Z represents the set of blow, i in inches ; P ’ equals the weight of the driven pile, <a 


% pounds; L is the length of the pile, in feet; A represents the average cross- : 
7 s sectional area of the pile, in square inches; E denotes the modulus of elasticity ae 
q of the pile material, in pounds per square inch; and K isa coefficient thatequals 

0.25 for steel piles and 0.10 forall other piles. 


— The pile-driving records indicate that the driving resistance i in the silts was A 
only a small fraction of that developed in the sands. Therefore, if any relation-— 


: ship existed between the test capacities and the capacities that were computed 
Pa from dynamic | pile-driving formulas, this relationship should be based on the 


- failure load in sand. The driving resistance of the last full 6i in. of driving was 


formula, These values a: are given it in in Table 5 with the computed 
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scription | i BuILDING 
| Blows | Fai — 
| 142 | 32 | 0375 | 64| 222 | 69 | 2.00 
1 | 14 | H-beam 81 40 0.30 | 76] 1.45 83 | 1.33 
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ge 20 . 211.36 | 183] 1.28 
‘| plate | 71 96 0.125 | 184] 1.75 | 17 
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capacity, the load i in sand, the ratio of the load ii in sand to 
_ indicated formula capacity for each pile-driving formula. _ The failure load in 


we 
As in n Table failure loads i in sand are approximately 50% greater 
than those computed from either of the Engineering-News formulas. The 4 


Pacific Coast Uniform Building Code formula, which correlated well with ob- 

served tip capacities for the Morganza Floodway control structure, indicated — 

computed capacities for for the compression test piles | to be from 4% to 35% 
4 greater than the ‘observed capacity in sand, and averaged approximately 15% r, 
greater. — On the basis of these data, the Pacific Coast formula was used to 


d estimate the required driving resistances fo for * the proposed types and | lengths | of , 


Required Driving Resistances. —Required driving resistances were 


for 20-in. pipe piles, 20-in. precast-concrete piles, and 14-in. H-beam piles from 
consideration of (2) the which were using the 


Mintuum Srrarn in 
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. in | Maximum, in -~# 
Pile load, | Silt stratum tons per ne tons per 


in tons | load, in tons “square foot | square foot. 


6 
Average, 
piles 


 Pacifie Coast formula (Eq. 4); (b) the relationship between the capacities 
y ener from Eq. 4 and test | failure loads (Table 5); and (c) the driving re- 4 
cords of the test piles. ‘The reduction in hammer efficiency due to inclination 
in driving the piles on a batter was also considered. Pile capacities were com- — 
puted f fora Vulcan OR hammer and were based on estimated average lengths of ” 


F Sr 


eh Compression Tests.—The observed distribution of shear stress in the soil ad- : 
jacent to the piles was not uniform. It decreased generally from a maximum at * 
the top of the pile toa minimum at the tip. | ‘a F ‘urthermore, as the load on the — 4 

iq pile was increased, the maximum shearing resistance of the silty ‘soils ‘adjacent: 

_ to the pile moved progressively downward (Fig-9). ie 

vam a The average unit skin friction of the silts was computed for each pile fr from 


the part ¢ of total load carried by the silt stratum, and the values are shown in 
- ‘Table 6. _ Also shown are the maximum values of unit skin friction, rN were 
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3 (14-in. H-beam with bottom plate) because of a zone of loose material that i is 
believed to exist between the flanges of the H-beam as a result of the | plate on on 


_ The observed distribution of unit skin friction in the silty soils at piles, 1, 2, 
4 4, es 6 is shown in Fig. 18. _ The average unit skin friction and the unit skin , 


I as 


yD K tan @ 
$=28°+ 
K tan $=085 \ 
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Calculated from observed load distribution 
ie ogee -- Assuming unit skin friction is a constant 
Fic. or SKIN Friction SILTS FOR COMPRESSION TESTS (Nors: 
Friction ComPuTED FoR Pitre Loap CoRRESPONDING TO 0.20-IN. MOVEMENT AT 
are also indicated. The unit skin friction was computed for a pile load 


=’ 


sponding to a movement at the top of the sand equal to 0.20 in. ould 1 199 mock 
coefficient of earth x, at depth i in the ‘stratum 


pile load that was used to determine the average unit skin friction. The 

; — average and maximum unit skin frictions are appreciably lower for pile3 than me 
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PILE 
— ‘easel’ 8 ‘represents the wait’ skin friction of the silts at depth D; yi is ‘the 
effective unit weight of the silts based on piezometric data; K denotes the co- 
efficient of earth pressure ; and ¢ is the angle of internal friction and is equal to 
28°. The: average values of K that are shown in Fig. 18 and in Table 6 were 
computed for each pile from the corresponding average unit skin friction, using 7 a 
<¢ the average value of yD for the section of the pile embedded in the silty soils _ 
a value of ¢ equal to 28°. ‘Thea average K-value was approximately 1.6 for 
a Tension Tests.—Unit skin friction along the portion of the piles in the oils -" 
stratum and values of K were computed for the tension tests as for the compres- a 
sion tests and are shown in Table 7. The maximum unit skin friction averages: , 
approximately 2} times the average friction. comparison with similar analyses 
_ for compression tests shows that the value. of K for the compression tests was ap- 
_ proximately 2} times greater than that for the tension tests. For compression 
loads the lateral earth ‘pressure exceeded the effective eee pressure and 
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Maximum, in 
4 tons per 
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79 
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pile 


was less than the effective overburden pressure and was as approximately “a 
an at-rest value. 
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SHEAR STRENGTH OF STRATA 
_ Compression Tests.- —The load carried by ‘the sand was divided into two 


by compressive forces at the pile tip. previously noted, the maximum skin 
_ friction in the sands appeared to be in the sands above the pile tip, with a lesser 
_ skin friction near the tip. For that reason a great difference may be expected 
a. between the average unit side friction and the maximum unit skin friction in 
is developed by the sand. The average skin friction and the maximum = 
7 “a friction corresponding to a tip movement of 0.25 in. are shown in Table 8 for _ _ 
tt the piles penetrating into sand. The average friction in the sands 8 was deter- 
ad mined from the relationship (Fig. 11) between the p pile load that was carried | 
_ skin friction in the sand and the pile-tip movement. The maximum skin fric- 


_ tion in the sands was determined from the maximum slope of the ‘distribution 
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of load in pile” curves shown in Fig. 9. pM The computed values of K for thi 
sand are also indicated i in Table8. 
a Both the average unit skin friction and the maximum unit skin friction for 
pile 3 (14-in. H-beam with bottom plate) were much less than the average of co 
4 the group. A zone of loose material may have formed above the bottom plate, 
thereby reducing the shear strength of the sands. On the other hand, the skin» 
friction in sand for pile 4 was considerably greater than the average skin friction _ 
and accounts for the large total failure load for this pile. Pile 4 also exhibited — 
a the greatest driving resistance, and it is probable that the large values of skin — 
a friction i in the sand for this pile may reflect the presence of a dense pocket of 7 


the results from piles 3 and 4, the average value and the maximum value for 
the unit skin friction are 0.39 ton per sq ft and 0.70 ton per sq ft, respectively. 
| The average K-value i is 0.31, based on an average laboratory shear strength of . “* 
= = 36° for the sand. The n maximum unit skin friction is approximately twice a 


sand, or possibly a gravel pocket with a large shearing resistance. Excluding 


“ae ‘Tzsts 


Unrr Friction 1x SAND 

| Average, in tons per | Maximum, intonsper| 


verage, excludi ile 3 


7 
eel in sand and the corresponding values for silt indicates that the average 


friction for silt was approximately 1.7 times the corresponding value for sand. 
The lesser friction in the sands may reflect the pattern of shearing failure be- 
neath a pile tip, as suggested by Karl Terzaghi,* Hon. M. ASCE. — Compressive ne 
forces at the pile tip result in a zone of radial shear beneath the pile tip, which — 
- causes a radial movement of the soil that will tend to reduce the lateral earth 
_ pressure and skin friction of the sand on the surface of the pile imeunediately - 
above the tip. — From the load-distribution curves, the skin friction appears to ’ 
> be reduced significantly for a distance of from 6 ft to 12 ft above the pile tip. 
= _ The tip-load-versus-tip-movement curves are shown in Fig. 11. The tip 
load corresponding to a 0. 25-in. tip movement averages approximately 65% of © 


the total load carried the sand. ‘The theoretical load of a pile penetrate 


= 


“Soil Mechanics in Engineering Practi Terzaghi and ate Peck, Wiley & 
Inc., New York, N. Y., 1948. Ont 


— 
© 

| 
— 
ima 
= 

> 4 

| 

— 

ary 

i 
— 

— 

a 
a 
— 


® which Ne and N, are bearing-capacity factors for) a given angle of mpl 


chouler pile o or one-half the width of the sq: square pile ‘The terms 0. R 
TABLE 9.—VatuEs OF ANGLES OF INTERNAL bux 


Unit tip capacity, | Effective surcharge, 
Tip capacity, in tons per sq re D, in pounds per Angi of internal 


square foot friction, ¢° 


4 


and ( 0.8 y R N, in Eq. 6 and Eq. 7 have little effect: on the con computed bearing — aq 
S capacity of the piles and were neglected. An attempt was made to evaluate — 
the shearing strength of the sand by using Eq. 6and Eq.7. Using the effective — 
_ surcharge at the pile tip and the tip capacity at a tip n movement of 0.2 .25 in. ., the i. 
= values of the shear strength i in terms of an _ of internal friction were com- op 


maximum tip. resistance was developed at movements that were » Gaheldleeably 
greater than 0.25 in. The average computed angle of internal friction, based — 
on the maximum tip | resistance, was approximately 33°, which agrees ram 7 


with the laboratory value. The unit tip load for the H -beam piles was com- a 


IN ‘Sanp F FOR TENSION ‘Tests: 


Average, in tons per | Maximum, in tons per an 
od 


verage, excluding plies 4 


10 
074 


4 a puted by using the combined areas of steel and soil enclosed by the pile flanges. 
‘The unit tip load of the pipe piles was computed by using the area of the pile 


_ tip plus the projected area of the channels enclosing the strain rods. Gor. 
ha Tension Tests.—In the tension tests all the pile load in the sand was as carried — 
by skin friction. The average skin friction i in sand was computed from the load 
in the one nd ata soaieamacneadel of 0.25 i in. , as shown by the curves in Fig. 16 and 


— | 

: 

— 
| 

— 

| 
— 
7 

— 
7 

— 
: 

| 
— 
4 

— 


as listed in in Table 10 for each ee The maximum skin friction i in the sand was 5 
- determined from the ‘slope. of the “distribution ¢ of load in 1 pile” curves shown in 
° are shown in Table 10. Thus, 
“the average skin friction of the sands in ioshabin approximately | 0.75 ton per 
sq ft, with a maximum value of about 1.5 tons per sq ft. Based on the: average i 
laboratory shear strength of ¢ = 36° for the sands, the coefficient of earth 
‘pressure, K, for piles in tension was about 0. 7, or twice the 1e earth-pressure | co-. 
efficient | computed on the basis of the compression tests. . The lateral earth — 
_ pressure in the sands during the compression tests was reduced as a oul 
the failure ‘pattern below the pile tip. Favorable agreement for the 
sion tests exists between ‘the -earth- pressure coefficient obtained for. the silts 
0.63) and that for the sands (K = 0. ).7). ra to 


ee Ont the basis of the tests, the following piles w were considered to be satiny 


Penetration in 


“A ‘tit, 
The s settlement of the structure on piles should be relativ ely small, 


< of an elastic compression of the piles during eonerersen and an eventual settle- = 
ment of the pile tips of approximately 0.20in. The settlement will occur as the | 
load is gradually transferred from the silts to the sand as a result of consolida- 7 
tion of the silts, and most of this settlement should occur during construction. a 
™ The estimated average unit, skin friction in the silts is 0.64 ton per sq ft for 
the piles tested in compression and 0.26 ton per s sq ft for those tested in tension. 
The estimated average unit skin friction in the sands was about 0.4 ton per _ io 


ft for the piles tested in compression and 0.75 ton per a ft for those tested in 

= ~The average angle of internal friction of the sand ili from aa 


capacity formulas and the maximum load id carried by the pile tip was 33°, which 
Pua agrees favorably with the results that were obtained by laboratory ‘heat tests. - 


o4 iss The strain-rod installation proved to be a satisfactory and reliable method ale 


4g ‘determining the distribution of applied load in -_ silt and —_ strata. pen 
‘The pile tests were planned by the ‘Mississippi River Commission and 
_ Waterways Experiment Station at Vicksburg, Miss. The tests were conducted | 
4 by the New Orleans District ; the Waterways Experiment Station was responsi- » 
o 


ble for analyzing the data. ‘Walter | C. Sherman, , Ir, J. M. ASCE, assisted the »” 


writers in n the e analysis of the results. ni | 
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- from the observed values, the authors have shown that the value of K in the. « ;f 
pile compression v was different from the corresponding value ‘in the tension 
tests. For this reason the distribution of the skin friction is different for com- _ 
« pression than for tension because of the effect of the point resistance of the — oe 
vel pile tip. Furthermore, it signifies that the skin-friction term in the bearing f 
_ - capacity of the pile should not be obtained from the pulling tension test of the ° 
_ pile. The skin-friction term and the toe term cannot therefore be independent - 
é of f each other, although many | ep eaianenaa by pile formulas are obtained with - 


‘The authors have stated that if K is constant, ‘the skin friction, s, is pro- 
portional to the depth in a stratum, in order to simplify the situation. — The 
writer believes that s is not simply proportional to the depth, as shown in Fig. 
15, although the rigorous relationship between the skin friction and the lateral — 

é earth pressure is as yet unknown, except for ‘some attempts by the writer. 2 

. That the av average alue of unit skin friction in sand for the compression tests 

7 is approximately 1/1.7 times the corresponding value in silt is perhaps due to 

_ the effect of the pile tip in sand. The effect of the pile tip also results i in the . 

aa difference in the values of K between compression and tension for sand. How- 
7 ever, the writer wishes to know why the difference exists in the unit skin friction 


the distance > from the pile | tip. Is there no cohesion i in silt? Ali little cohesion 
or moisture in sand or silt 4 to have a considerable effect on the strength 
of soils. The pile ina silt stratum swells laterally due to the great deformation — 
under compressive loads, as seen from the difference between the gross settle- 7 
ment and the net settlement in Fig. 7, because the pile stands on the sand f 
stratum, which is firmer than the silt stratum. _ However, there is no Liven . 
of the pile in the | case ase of the the tension tests. a | greater 8\ swelling in the lateral * 
“direction of the pile causes a higher © pressure i in that direction, which e explains ~ 
_ the difference of K in silt between compression and tension. In sand the point > ‘ 
‘resistance causes the tension stress near the tip, and it it reduces the earth pres- _ 
sure, as has been explained. ¢ Therefore, the swelling of the pile, even if con- 


_ SraNLEY F. Gizrensk1,* M. _ ASCE.— —Although the pile tests described by 
the ‘authors were made | specifically. to determine the type, size, e, and length of 
-. required to support a proposed low-sill structure, the results confirm sev- a . 4 
eral theoretical concepts regarding the distribution of loads along the length of a 
8 pile. The excavation of 50 ft of overburden at the test site, the « driving of i 4 7 
seven test piles and sixty-four wood anchor piles, the elaborate 
and the installation of well points all involved considerable expense. This was oy 


Instr. of Civ. Eng., Univ. of Kanazawa, Kanazawa-shi, Japan. 


| 
— | 
¢ 
— 
— 
obtained ior the compression test and ior the tension test 1D In Spite O 
— 
| a 
— 
— 
| 
— 
| 
— 
| 


ON PILE TESTS 
- justified undoubtedly by the size and value of the project. ite completeness _ 
_ with which these tests were made and analyzed and the fact that they are made — 


to engineers provide | additional justification for such an eq 


7 q = and below the test piles a as installed are assumed ra on the same as they — 
Pi will be for the actual structure. This assumption will not be true if the closely - 
aa spaced wood anchor piles that were used during the test have densified the 
surrounding soil. The depths to which the anchor piles were driven have not 
oo indicated. The writer wonders if there was any densification of the sur- be 
rounding soil by the driving of either the anchor piles or the test piles. — soll 
examination of Table 5 shows that the resistance to the . driving of the pile for 
- the last 6 in. was approximately 60% higher for pile 6 (19-in. diameter) than g 
for pile 2 (21-in. diameter). Both piles were driven to the same depth, ial 
_ though pile 2 was embedded 2 ft more in the sand strata than pile 6. The | 
supporting capacity of the latter pile was greater for friction in the silt “to 
TABLE 11 —PERCENTAGE OF Test I Loap C CaRRiED ‘BY Friction 


— 


Percentage 
Loading test) — unsupported Test load, 
Ler and in soft tons carried by 


Size,in | Weight, in in 
4 Wh 


sit 


the ‘raw al All piles driven to point bearing on rocks. eh 


; _ than for frietion and end bearing i in the sand, . We as pile 6 one of the last piles” : 
curves for load distribution i in piles (Fig. 6 and Fig. 11) and thecurves 
< for load versus movement (Fig. 7 and Fig. 12) furnished the basic data from pe 
which additional curves and conclusions were extrapolated. Fig. 6 represents 
i the distribution of load in piles for various depths and is based on values meas- og 
— ured at six or ‘seven points along the length of the pile. _ When fitting a curve 
~ to these points, the lower part of the curve should have a vertical tangent at _ 
- the bottom of the pile where end-bearing is developed. The authors’ ‘State- ae 


_ The authors’ statement (under the heading, “Compression Tests: ‘Toad in 
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all soils in which some end support is developed. According to the load-dis- 
tribution curves (Fig. 6), a vertical tangent indicates that this is the end of 
frictional resistance and whatever remains unsupported is carried by point 
7 | _ resistance. In an analogous fashion, all curves for load distribution in piles == 4 a 

in the silt stratum, and by skin friction and tip resistance in the sands’’ is 4 = 


i part of the load is carried Ae friction. An examination of the results of ~al 4 
ra eral loading tests on H-piles laterally supported by soft and stiff soils shows 
_ this to be true. The values in Table 11 have been computed from a summary 
ey ‘The percentage of the test load carried by friction has been computed from © 7 
-@ comparison of the actual settlements’ with the theoretical decrease in the 
_ length of the pile under the test load, assuming uniform compression across the 
rm _ cross section of the pile. | ‘The value of the modulus of elasticity of steel is 
4 taken as 29 X 10° lb per sq in lo ddd. hang 
7 _ The gross and net settlement of the pile butt were measured by the authors. on 
_ The net settlement i is the residual settlement after the load and rebound of the ~ 
pile have been remov ed. 2 In Fig. 7 and Fig. 12, the curve of tip movement is 
- also presented. Although there is a close agreement between this curve and 
_ the curve of the net settlement of the butt, the latter is located above the 
former in all cases in Fig. 7, except for pile 5 where both curves coincide. — a 
tension tests (Fig. 12) the relative position of these curves is reversed. 
authors state what they believe to be the « origin of such stresses. ‘Itis ‘necessary 
to know how the tip movement was measured before or after the load was - 
7 moved from the pile— e—that is, determining if the rebound of the sand 
under the pile tips was considered. 
cold CHARLES Mansur, M. ASCE, AND Rosert I. KaurMan,® J. M. ASCE.— 
The writers appreciate the interest shown by t the discussers in the pile Toading 


= in silt was s greater i in the compression tests than i in 1 the tension tests 
———ocause of the “swelling”’ of the pile in compression, as proposed by | Mr. Ni- | 
_ shida. In the tension tests is the average value of K in silt was approximately 
0. 6, which is about equal to an at-rest value, whereas in the compression tests 
the average valne of K in silt was s approximately A 6, approaching a value of 
_ Mr. Nishida has asked whether the shearing strength of the silty soils is — 
a partly of cohesion. A shear strength of approximately ¢@ = 28°, 


0.1 ton per sq ft, was obtained from consolidated-undrained triaxial com-— 
_ pression and consolidated-drained direct-shear tests on undisturbed silt samples. 7 
A shear strength of about ¢ = 33°, c = 0, was obtained from consolidated- 
z drained direct-shear tests on undisturbed specimens of silty sand. Because — 
_ the cohesion was relatively small, it was neglected in the design of the pile 
and analyses of the pile-load test data. 


1"Bethlehem H-Piles,” Catalog 228, Bethlehem Steel Co., Bethlehem, Pa., 1949, p. 13, Table2. 
Vice-Pres. and Chf. Engr., Independent Corp. Baton La. ; formerly Chief, 
: Soils, and Materials | Branch, “Mississippi | River Comm Corps o of asta 8. 8. Dept. of of the Amny, V 
burg, Miss 
Chief, Soils, and Materials Branch, ‘Missiesippl River Comm.3 ‘formerly. Chief, Design 
and Analytical —-. Embankment and Fi ‘oundation Branch, ae Div., Waterways Experiment. Station, — 
Corps of — U.S. Dept. of = Army, Vicksburg, Miss. 
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MANSUR-KAUFMAN oN PILE TESTS 


on Mr. -Gizienski has questioned the effect, of driving closely spaced wood an-— 


oe derendes existed between the density of the foundation in the pile test ex- 


. cavation and that of the foundation for the structure in which no anchor piles — 
are to be driven. The timber anchor piles had an embedded length of approxi- 
mately 44 ft and, therefore, penetrated only into the silty part of the foun- _ 
dation. Although driving these piles probably caused the silty soils to 
no measurements were made to determine this effect. Those that were made 
_ when driving the piling for the structure indicate that the bottom of the ex- — 
cavation settled from approximately 0.5 ft to 1.0 ft as a result of driving the — 


_ structure piling (14-in. H-beams), which is spaced on approximately 5-ft — 


ters. It is believed that the settlement results primarily from the densifica- — 
tion of the silty portion of the foundation. — In general, conditions at the test 
e ea in the pile test excavation after the anchor piles and test piles had been > 


so sand stratum with an adequate safety factor, any differences i in density — 
in the upper silt stratum beneath the test excavation, as compared with those _ 
beneath the structure, were minor with respect to the load-supporting capacity 


of the section of pile embedded in 
“ The : sequence of driving the test piles did not significar aie affect their pene- E 


tration resistance or static capacity, and variations in these resistances and 
capacition reflect the variability of in-place soil conditions. Mr. Gizienski 
noted that the final penetration resistance of pile 6 (19-in. diameter) was ap- 
proximately 60% greater than for pile 2 (21-in. diameter). - Pile 2 was at the © 


~ center of the row of test piles which | comprised piles 1, 2, and 3 (Fig. 3). Pile a 


2 was driven after pile 1 and pile 3. . Pile 6 was at the end of the row which 
6 was driven several days prior | to the driving of pile 2. If the sequence of 
driving had had a significant effect on the driving resistance, it would have — 
been reasonable to expect that pile 2 would have had a greater driving resist- _ 
ance than pile 6. However, the final penetration resistance of pile 6 was — 
greater than that of the former. — mn Furthermore, pile 4 (17-in. diameter) offered 
_ the greatest resistance to driving of all piles and had the greatest failure load 

- insand. This pile was at the end of a row (Fig. 3) and was driven after pile 
6, but before pile 5. - Pile 7 was the last to be driven. % The anchor poles were 7 


which had already been ie en into sand, was 25 ft away. "Based on the pre- 


 conaiated of piles 4, 5, and 6 and was the first to be driven in this row. Pile be bilo 


ceding, the sequence of pile driving had no noticeable effect, on the naneetiis * 


__ Mr. Gizienski has inquired also about the procedures used to determine the 
tip movement of the pile and “residual” stresses in the piles in the tension , 
“tests. tt The tip movement of the loaded pile was determined from the move- - 
ment of the bottom strain-rod anchor. The net movement of the pile was de- ey 
termined as the residual settlement or rise remaining after the test load was 4 


the pile, which was permitted to rebound. net 
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movement with that of the tip at a given ‘load, 
— difference was noted, as shown in Fig. 10 and Fig. 15. _ The “locked- in” or 


, ® residual stresses and their effect on tension-test data are believed to have de- 
a veloped in the soil and pile in the compression tests, which were performed 
aa prior to the tension tests. — It is believed that piles loaded in compression to 
the ultimate capacity of the foundation developed high compressive stresses" 
and strains that were not relieved completely upon subsequent unloading of 7 
the pile. Loading these piles i 3 in te tension would tend to relieve the compressive : 
q "stresses further, although, based on tension-test data for pile 4 and pile 6 in ; 
Fig. 14, it appears that sections of these piles in the vicinity of, and immediately _ i 
; above, the top of the sand may still have been i in compression during the tests. » . 
‘If the residual compressive stresses had been relieved completely in the tension — 
Ps tests, or if the tension tests had been performed prior to the compression = 
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DESIGN OF V ENTURI IN CIRCULAR 


aid an W CONDUITS ol ai wol bee to 


Epwin A. WELLS, JR.,? A. M. ASCE, “AND HAROLD 


4a 


The results of extensive , experimental studies to determing the accuracy and 
‘design criteria for Venturi flumes of the type first recommended by Harold Rest 
Palmer and F Fred D. Bowlus, © Members, ASCE, are presented. - The coefficient — 
of discharge for the flumes and the hydraulic aspects of Venturi flow, such oe . 
as energy criteria, channel slope, submergence, and velocity of approach, are 4 a 4 
examined. The sta studies and results show the influence of various flume ¢ dimen- 
_ sions, ‘such as throat length, side slope, base height, transitions, and point of a 
_ depth measurement, on the accuracy of the flume. to 


= ‘Hos wit be of shat 
By Since 1915, many Venturi flumes have been installed for the measurement ee 
of flow of sewage and irrigation waters in open channels. | The method of 2 
design for most of these flumes can | be traced to. one of three sources: - (a) 
_ English flumes, which were rectangular in shape and were based on early work — 
5 in India (1908-1914) and on the writings of F. V. A. E. Engel?‘ in England 
7 (1933) ; (b) the Parshall flume originated (1915) by V. M. Cone*:? and we nl 


-_Nore.—Published, essentially as printed here, in A pei, 1956, in the Journal of the Sanitary Engineering 
Division, as Proceedings Paper 928. Positions and tit es,given are those in effect when the paper or dis- 


cussion was approved for publication in Transactions. Vu with in al 
1 Municipal Financing Consultant, Stone & San Francisco, Calif. 


Dean, Technological Inst., Northwestern Univ., Evanston, the ) 
3 “Non- Flow of Water: Problems and Phenomena in Open Channels with Side-Contractions, 
= 
¢“Trrigation Investigations,” by V M, Cone, 28th Annual | Report, ‘Agri. Ex se 
7 aot College of Colorado., Fort Collins, Colo., 1915, p. 16. ay 
“The Venturi Flume,” by V. M. Cone, Journal # Agricultural Research, U 
Washington, D. C., Vol. 9, 1917, pp. 115-129. “ 
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FLUMES 


and (c) flumes of the type ‘and developed Harold K. 
Palmer and Fred D. Bowlus," Members, ASCE. dev 
‘The results of laboratory experiments, which were conducted to provide 
data on the accuracy of the Palmer-Bowlus flume and on the importance eof 
various design criteria, are reported herein. This type of Venturi flume is — 
characterized by a throat of uniform cross section and a length that is approxi- — 
mately equal to one diameter of he pipe in which it is to be installed. ts 
ee to operate, easy to install pe maintain, accurate in its measurement — ; 
of flow, and low in energy loss. - Although it is not as widely known as the | 
Parshall flume, it has been installed extensively in the ‘western, United States 


ss Seven flumes conforming to the Palmer-Bowlus flume shape were oe 


conditions. — One flume was tested under "Varying conditions of channel slope. 
A second series of flumes was built with interchangeable parts to study the 

importance of flume dimensions, such as throat length, base height, ~ en-— 


trance transition . Each design is examined separately n 


Rating Curve. —Using Fi ig. 1 as a basis for analysis of the e flow in the ' » Venturi 


flume, the Bernoulli equations for the « energy at the two sections ‘may be 


rt of the Irrigation Investigations E by R. L. Parshall, 83d 
Station, State Agri., College of Colora llins, Colo., 1920, pp. 31-36. 


_ %“The Venturi F lume,” by Ralph L. Parshall and Carl Rater, Bulletin No. 265, Agri. Experiment 
é Station, State Agri. College of Colorado, Fort Collins, Colo., 192 


Improved Venturi Flume,” by Ralph L. Parshall, ASCE, Vol. 89, 1926, 
a 

“Adaptation of Venturi Flumes to Flow ‘Measurements in Conduits Paln ner and 
Fred D. Bowlus, ibid., Vol. 101, PP. 1195- 1216. we 
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UMES 


Because the flume ‘should operate under the conditi 
flow must pass through critical depth in the throat in —. aie eacdiers 


the foregoing and ‘solving for the | depth of flow at section 1. 


For a given Sow Q, the variable 


values and, hence, Eq. may! be written 


Several methods have been ‘suggested sted for solving Eq. method 
proposed by Filippo Arredi® in 1936 and clarified by Harvey F. Ludwig,” 
M. ASCE, and the Los Angeles (Calif.) County Sanitation Districts was used 
in this investigation because it is considered to be more easily adapted to irregu- * 
larly shaped sections than other procedures. Another convenient method | has 
been proposed by John H. Ludwig and Russell G. Ludwig,“ Associate Members, E 
ASCE. An Arredi diagram and computations for rating a flume are presented 
computed “rating” of Eq. 7 for given Venturi flume installa- 
~ tion will be referred to hereafter as the theoretical curve of that flume . The 
theoretical curve is based on a U-shaped channel rather than on a ‘circular 
channel. i, If the sides of the throat consist of planes that extend unbroken to 
the top of the channel, Eq. 7 has the logarithmic form, Q = k di" ae ee 
ti In derivi ing Eq. 6 and Eq. 7 for rating the flume, several assumptions have 
been made, the most important of which are: (a) There are no energy losses 
between sections 1 and 2; and (b) the streamlines are parallel and are perpen- 
Seale to both sections. Actual flow conditions, however, vary slightly fr freen 
these assumptions because side-wall friction and other en energy losses influence — 
bal the flow. The character of the flow at section 2 is at variance with the original = 
assumption because, unless correction factors are used , the Bernoulli equa- 7 


tion is valid only where there is no curvature of the ‘streamlines, is 


4 oat Discussion by Filippo Arredi of “Adaptation of Venturi Flumes to Flow Measurements in Conduits, ” 
y Harold K. Palmer and Fred D. Bowlus, Transactions, ASCE, Vol. 101, 1936, pp. 1231-1235. {itera 


4“ Palmer-Bowlus Meters for Measurement of Flow in Sewers,” by Harvey F. F, Ludwig, Syllabus 
0 01.01, Dept. of Civ. Eng., Univ. of California, Berkeley, Calif..1950. = = | 

¢ 


4“*Design of Palmer-Bowlus Flumes,” by John H. Ludwig and Russell G. Ludwig, and In 
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on: 

parent that “use of the ‘average velocity” and of ‘the ‘ ‘velocity head” 
hee when the actual velocity distribution has not been considered is a simplification _ 

of the conditions that « exist. The drawdown through section 1, although small, = 


also affects the upstream dy. magnitude of the effect of these 
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in channel atflume,d, 
itv 
bus 
Specific energy curve for flow 
in flume throat, flow=Q 
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‘shaped cl channel, flow=Q Tod bie, at 


Critical depth in channel, te us tare ihowit 


x Of Minimum normal depth of | it thers + aban 


2.—Speciric-Enercy Curves ror U-Suapep CHANNEL 


assumptions o on the accurate of ‘the of water passing 
the is given quantitatively by the discharge 
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— 


q 


VENTURI FLUMES 


be when the ‘coefficient to discharge did not exceed a range 


Energy Criteria.—The rate of flow, Q, becomes a funotion of the upstream — a 


depth, dy, when the specific energy, of the flow in the pipe is equal to the 


f specific energy, E:, of the same flow at critical depth in the throat of the flume. | 
- - 7 On the basis of this criterion, the theoretical curve of flow as opposed to that 
of depth may be computed without regard to the conditions of actual usage. - 


o- . However, in order to install a flume in a given channel so that it will operate 
{ 4 properly, additional energy criteria must be satisfied. j= | 
a principle | of the Venturi flume, as well as the energy criteria essential — 
_ for its proper design and operation, may be described by the use of a specific- a 
2 energy diagram. Fig. 2 shows the specific-energy curves for a given rate of — 
flow in the U-shaped channel and i in the throat « of a Venturi flume. The 
- possible conditions of normal flow i in the channel prior to the installation of a 
- flume are also shown, and the normal-flow conditions are separated into four 
zones: based on depth of normal flow. In call cases, dimensions: of the 
4 channel and the flume, the rate of flow, and, therefore, the theoretical upstream 
4 depth, ds, are held constants the 
Zone 1 Tranquil Channel Flow—Submerged Discharge —If the no normal 
depth, da, of flow in the channel without the flume is greater than d 1, the con- 
ae produced by the flume will merely create a depression i in the water | 
f surface that i is equal to the increase in velocity head. ‘Thus, the flow would — 


not pass s through critical depth, a condition that is referred to. as com 


tes _ Zone 2. Tranquil Channel Flow— —Free Discharge. —The normal depth of 
ee ds, in ‘the channel usually i is less than the upstream depth, di, required > 
y for operation of the flume and is greater than the critical depth, dee. Installa- an 
. tion of the flume i in the channel will cause water to back up until it reaches 
depth d,. | From this depth the water flows into the flume and passes through a 
- critical depth within its throat. To assure that the flume is not submerged Zz oa 
the normal be of flow | in the channel should be somewhat less than il 


flow i in ‘he channel i is less than the evitical depth, d.., jppledne the flume in the 
channel will cause the water to jump to its conjugate depth with a subsequent 


= of energy. The minimum normal depth, (ds) min, as shown on the curve, 


_ -¢ Be the normal flow for which the flume will continue to funetion 
é 


‘properly. + In this case the difference i in ‘specific energies E; and Eu represents 

the loss of energy in the j jump as the water surface passes from to dy. 

- would be typical of the case in which a jump occurred immediately up- 7 

stream from the flume. other instances in which | dn is less than dee and 


than (dx)min, the hydraulic jump would occur farther upstream, and 


water surface would back upto depth 
Zone 4. Rapid Channel Flow—Unstable Discharge. —Where ‘the e normal 
depth of flow, dp, i is less than (dy) min and where the ¢ energy of the flow is cor- 


than E; and is E,, energy E, — E; is by tur-— 
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and there is shooting: flow the upstream transition of the flume. 
tt Satisfactory operation of the flume can be obtained only i in zones 2 and 3. — 
A principal objective of the experimental i investigation was . to determine the 
<— limits of these zones. The upper limit of zone 2, (da)max, is described _ 
in the section entitled, “Experimental Results and Analysis: Submergence.” 

: ‘The lower limit of zone 3, (ds)min, is described under the heading, | “Experi- ; 
mental Results and Analysis: Channel Slope. lancitivha JOU; 

3 nite isoq LABORATORY EQUIPMENT AND EXPERIMENTAL PROCEDURES ati wt 


lo 9 Waniihisisaaltel Channel.—The 36. .67-ft-long channel consisted of three sec- 


tions, which made it possible to keep the bottom of the center section (test 
4 section) lev el while varying the slope of the upstream and downstream ror 
as desired. The circular parts of ‘the channel w were 12-in. inside-diameter, 
Boe ~cement pipe with special butt joints to reduce the surface waves. 


The wins 4g was supported on wide-flange steel girders and held between the two 


flanges. ‘The test section of | the channel consisted of a 4-ft plywood box set 
a ‘on top of the 4-ft 6-in. center section to form a U-shaped test section. A tail 
7 gate was placed at the end of the channel so that water could be backed up | 
quantity of water, Q, passing through tiie Was determined by 
a the use of calibrated nozzle lines, which were calibrated volumetrically immedi- 


Flumes.— —The flumes were made of sheet metal and had wooden ribs to 
them: rigid. They were of two different types : (a) Solid flumes and (6) 


ic 
_— erector flumes, some of which are shown in Fig. 3. Seven different solid flumes _ 


one- piece construction were made | and tested. Those of the erector series 


xe of three-piece construction—that i is, they oneiiitad of entrance and ‘exit 
transitions and the throat—and ten of this type were tested. . Tab Table 1 lists the 
dimensions of all the flumes ‘used i in the s study. 
Yo Free Discharge Experiments. —Experimental t tests were made to calibrate 
the different flumes and to accumulate st sufficient data for analysis of their 
_ behavior under varying ¢ conditions. | Each flume was installed for a series 
of from 15 tests to 25 tests, beginning with full pipe flow and decreasing to , 
‘minimal flows. tae single 1 test consisted of recording rate of flow, manometer, 
_ and surface profile readings after steady-state conditions had been obtained. 
The up stream \ depth, i. was measured | bya point ga gage in a stilling well opposite _ 


upstream edge of the entrance transition to the flume. 


‘The values of Q and da, plotted | to show the actual flow as a function of : 


measured depth, are the ‘ “calibration” or “actual test’’ curve. solaw 
_ [oe All flumes were checked by two or more series of tests. _ In many of the > 
_ test curves shown, the flume was removed after the first test, and an additional 


4g test se! series run under similar conditions at a later date. pil In no 0 case did : a . flume 
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Table 2 presents a summary ‘of the conditions ander 
Submergence Tests.— A standard test run was made with the flume in a nor- 
mal position. — The point-gage reading for depth d; was carefully checked to 
- the mean reading. The tip of the point gage was then raised 0.005 ft and 


pot 


umes 1, 8, 7, 3, AND 4 ARE SHown IN (a); Fumes 6a AND 5 ARE IN THE ‘Fore 
ROUND oF (a); AND THE PARTS FOR THE EREcTOR SERIES ARE 


 Stown in (6) Fiume lc To THE 
' checked t to see that o normal surface undulations i in the stilling well did not touch 
si it. The | tail gate at the end of the channel was 15 ft from the flume and w: was 
-_ a raised slowly until the submergence of the flume caused the water in and above — 
= it to rise and touch the gage at d;. The depth of water below the flume was 


then determined with a second point gage, and the s submergence ‘Tatio owas: 
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1 was level from d, to the ta tail 
between the point gages was approximately 10 


EXPERIMENTAL RESULTS AND ANALYSIS =| 


a wide range of and energy conditions. A standard flume 
is defined as one having : a throat length equal to the diameter of the pipe. - 
i investigation of its behavior under normal, free discharge conditions was 
“the flow range within which meas- TABLE 3.—F Low RaNczs” 
urements were made for each flume. FOR STANDARD FLUMES- 
‘The upstream depth, and rate of 
- flow, Q, which determine the actual «(3 finimum | Maximy a 
test curve, are compared with the No cubic fect | minim 
a theoretical discharge c curve for each 
these flumes in Figs. 4 and5. The 
“correlation between the actual and 
theoretical curves is examined under = 
heading, “Experimental Results. 4 
Coefficient of Dis- 
The flumes were tested the read from tant curves 
most desirable operating conditions — 


parison of further tests on different aspects of design and operation. The actual | 
test curve for flume lc was chosen ai as the standard curve for. comparison pur- 
“poses” in . the experiments 
_ _ would be most widely used under conditions similar to the free discharge ex- ys ee 


Z - than 0.5%), and the data shown in Figs. 4 and 5 were ania as a basis of com- — 


periments, "when they are functioning their characteristics are 


7 n the upstream channel the flow is and tranquil. There d 
no aeration or prominent surface waves, especially at the point of fupstream- — 

At the flume the water enters passes smoothly and with little turbu- 

i lence. The surface profile should drop throughout the length of the’: fume, 
‘Streamlines are evident in the flow even after the point of critical depth has iu 

—- 3. In the downstream channel a shooting flow is evident on the downstream 
a side of the flume, indicating that the free discharge | necessary for - proper ; fune- 
tioning prevails. In no case should the flow merely ‘neck down’’—that is, . 


B? a smooth surface depression. | In some instances a hydraulic jump may q 


form immediately y downstream. Operation will be satisfactory if the 
edge of the j jump romaine below the throat of the flume 


Ss Flume 5, a broaderested weir with a height of about 1 in., did not perform oe 
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Coefficient of Ca, of a flow-measuring 
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theoretical flow 
Fig. 6(a) the coefficient of discharge as a function of the 
depth of flow, for seven standard flumes. The curves were determined 
from large-scale graphs of the experimental data used to plot the rating curves 3 


presented u under the and 1 Analysis: Free Dis- 


‘charge Experiments. 
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Upstream depth of flow, in feet Velocity of approach, in feet per second 

Fic. 6.—Sranparp FLUME CoEFFICIENT Asa 


a: The solid line in Fig. 6(a) represents the mean trend for all seven shapes. 
That the difference between the theoretical curve and the actual test curve 7 
_ for a properly designed flume will be less than 3% for upstream-depth ranges — 
7. é between 0 0.40 ft and 0.90 ft is thereby indicated. — at 0.82 ft the coefficient: of 2 
- discharge is 1.00 and does not remain constant udbahout the range of flows 
oe measured by the flume. _ The variation shown here for a flumes is” 


= ail entered the U-shaped test channel, flow conditions were not uniform in the ; 
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- surface of the test channel at upstream depths greater ine 0. 5 diameter. oh Pon 
_ The curves shown in Fig. 6(a) are based on a comparison of the actual test : 

curve of the flume with a computed rating curve, which, in turn, was based st 
on the assumption that the upstream channel was U-shaped. and of sufficient: 
length for uniform to: _ If it were assumed the 


to be insignificant for purposes. Generally, the computation 

: x of the theoretical rating curve would be based ona U-shaped upstream channel. 
7 be The results demonstrate conclusively that the standard flume shapes : are 
oat capable of accurate flow measurement when they are installed to satisfy the — 
basic energy criteria. A reasonably accurate measurement of flow can be 
obtained with upstream d . depths as great as 0.95 D, and accuracies within 3% of a 
the theoretical ang curve can be obtained ed readily at depths of ; as mae ~ 


upstream from the flume. Before any arbitrary range is however, 


the experimentally based facts should be considered: 

4 The results of the 12-in. pipe experiments indicated that properly pr pro- 
-flumes would operate satisfactorily, with velocities of approach 
ranging from 0.8 ft per sec to 3. 0 ft per sec as demonstrated i in Fig. 6(6). For — 
similarity in large | pipe sizes, the Vv would i as 


 Submergente. —Submergence of a Venturi flume is expressed as percentage 
7 ratio of tailwater depth to the upstream depth o of flow, in which tailwater depth 4A 
referred to channel invert at the point of ‘upstream depth “measurement. 
_ The maximum submergence ratio is a measure of the upper limit of tailwater 
elevation mgr which f free can be maintained in the flume. . Where 


depth of flow in the "Thus, the maximum submergence factor 


becomes a | a measure of the upper | limit of zone 2 2 of Fig. 2. ee semen pene : 

Experiments w were made to determine. the 1 maximum submergence ratio = 

at different rates of flow for six standard flumes.— ‘Fig. 7 shows the maximum } 
as a function of the ‘upstream depth ‘of flow. . This sub- 

_ -mergence is the upper limit of tailwater elevation for a free discharge condition x - 
to exist at the flume. — _ It is expressed as a ratio of tailwater depth to upstream 7 
of fow., The indicate t that is a linear ‘function 
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Velocity of Approach—From the standpoint of operation, these experiments 
indicate that velocity of approach is not relatively important as a design 
Palmer and Bowlus" have stated that the velocity of approach 
should be, ideally, between 2.0 ft per sec and 2.5 ft per sec. This concept hast 
been amplified by other engineers. It should be at least from 1.5 ft persec og — 
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FLUMES 


through the range of depths shown (from 0. 4 ft to 0. 95 ft). , ’ Fig. 
ata depth of 0.90 ft the ratio is about 85% for the flumes tested. — “ 
‘When a fume is in a channel having a continuous slope through the 


Flume 35 observations 
Flume 1, 15 observations 


4 Flume 6, 19 wren - 


fe 
Sa 


‘1G. 7. —Maximum For § Fium 


=" be ssicebian Thus, if it is assumed that the maximum upstream depth, di, : 


7 is not to exceed 0. 90 D and that the maximum recommended submergence i is 4 
: _ approximately 85% of this depth, the normal depth of the flow in the channel _ 


Channel Slope-—Water-surface measurements with flume Ic both in and 


out of the channel were made through a wide range of upstream channel slopes ad 
in order to ascertain conformance of to the energy criteria ria previously 
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4 
— d the limit of the normal depth of 
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8 presents the calibration | curves f for the flume le experiments. 

; f Different upstream channel slopes were expressed in terms of channel slope 
because uniform flow conditions could not be obtained, and, 

of the energy” ‘gradient v was difficult: hay ‘slope the 


ak 


> 


c 
3. 


Maximum flow «0.22 
ou ft per sec 


Quant 
w 


When the channel slopes were 
there was only vague to the | usual | curve. At 
- slopes greater than 3. 0%, the water became extremely turbulent. . At 4.0%, ‘ 4 : 
_ 4.5%, and 5.0%, no backup would occur, and one had to be formed arti- | se 
Sanger Sometimes, shooting flow would wash the backup pond through ~<a 
flume. < No data were taken under the latter condition. . Hence, the 4. 5% and Pe 
eu a This phenomenon may be shown to » conform wit! with the theory di developed des > 


the flumes by the use of Fig. 9. The three sets of curves shown are: (a) Specific 
_ energy curves for the flows “ 0.4, 0. 8, 1. 2) 1: 6, and 2.0 cu ft per sec in the 
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VENTURI FLUMES 

Brenna e slopes shown, determined on the basis of actual Q and channel depth ~ 
d,; and (c) curves of —that is, lines of proportionality between velocity 
head and normal depth of flow inthe channel == 
_ When d; of flume 1c for an indicated flow is plotted on its corresponding _ 
_ specific-energy curve and a vertical line is projected downward from that point, __ 


¥ the vertical projection will intersect the lower half of that curve at the point — 


oe... 
curves 
Flume —— 


ft 


\ 


af 


2 


Depth in U-shaped channel, infeet 


- pecific energy, d+ 
9.—Speciric-Enercy CHart SHow1ne EXPERIMENTAL Limit 
CHANNEL SLOPE FoR Fiume le 


lie 


of the line 


n whi 

‘ -= 2.5) -line very nearly defines the 
upper limit of energy in the flow for which the flume may be expected to unc- — 


7 oe _ tion properly because the energy content is only slightly in excess of that 
seeded to operate the flume. 


a 
4 
Mi 
4 ‘indicated by a small circle. Several such points, which are plotted in Fig. 9, 

—+— Q=0.80 cu ft per seo — 

4] 

| 
— 
— : approximately on the 2.0%-slope line, indicating that the 2.0% channel 7 
slope is approximately the maximum at which flume lc will function properly 
throughout the range of flows represented; Fig. 8 shows this to be true. 
In Fig. 9 the circles described in the foregoing lie slightly to the right 
4 ndicating that flume 1c can be expected to 
— 

¢ 


FLUMES: 


Further i inves stigations with other s standard flumes indicated that, i if 


is less than 1.5, operation of the flume will be satisfactory. Where the pro- 
- portionality number exceeds 1.5 for channel flow at a proposed installation, — 
the limiting number should be determined by plotting an upstream depth, = 


d;, for the given flume in Fig. 9. Thus, for the lower limit of zone 3 in Fig. 2 aa 
a7 is assumed as the minimum value for = 


4 
wy Actual test curves as test curves eve 
Flume lc, 12-in. throat length 
— Flume 1d, 8-in. throat length - 
Flume la, 24- 24-in, throat len, le, 4-in. throat length 
: Flume lf, 12-in. throat length 
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depth ot how, in feat dune ic ets the 
Fe, 10,—Errecr or LENGTHENING AND 
tis suggested that this check of en energy. content of normal channel flow be 
made on the maximum flow to be measured by the flume. bis ot ball bas 
way Throat Length. —Bix similar erection flumes (No. 1 series in which the throat — * 
length varied from D /8 (0.12 ft) to 2D (2.0 ft)) were investigated to deter- 
ae mine the effect of the throat length on the accuracy of flow measurement. _ a 
Fig. . 10 shows the effect of such length on the calibration curve of fits 


Fig. il demonstrates the “influence of throa at length on the discharge 
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FLUMES 
coefficient for different depths of flow. fflow. For sii if two flumes with throat. 
“ lengths of D/8 and D, respectively, were used with an assumed discharge ~ 


_ be approximately equal to the pipe diameter. _ It should in no case be less than 


od than that of the longer one. The results indicate that the throat length should 2 
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D 1 FOR WITH ru DIFFERENT THROAT Lanorus 


on 3, 1 on 2, and 1 on 1, respectively. - Flume 6 (Fig. 5(6)) was a broad-crested — 
a weir and had no sides as such but used the channel walls as part of the throat — 
section. Observation of the ‘flow characteristics and the similarity of the 
- calibration curves indicates that the } shape of th the throat is — 
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‘VENTURI FLUMES 
‘The ‘rating « curves for flumes 3, 4, and 6 were not ‘continuous functions 
because the sides of the throat intersected the channel considerably below the ~ 
3 of the pipe. The fact that the throat is partly trapezoidal and partly yes 
rectangular or circular merely complicates the computations but otherwise a 
does not impair the accuracy of the flume. 
Base Height—Palmer and Bowlus" use D/8 and D / 11 for the 
of | the base above the | pipe invert, whereas Ludwig and Ludwig" use D / 12 7 
7 - Some of the English flumes** have no base, and they rely on the side constric- 
tion to force the flow through critical velocity. The base of a trapezoidal — 7 
- flume | serves two functions: (a) It holds the side walls in place with respect 
to each other; and (6) it aids in forming a plane-shaped throat, which is a 
- venient, though not essential, in rating the flume. The base does not add any 
safeguard against submergence that would not be accomplished by increasing — 
‘The base height, ¢, is defined as the difference in elevation between the ~ 
channel invert at the point | of measurement the upstream depth and the 
top of the flume base at the point of occurrence of the critical depth. ol 
flow in the throat of a Venturi flume is curvilinear so that any determination 
_ of the point of critical depth is hypothetical. However, for practical purposes 
it may be assumed that the critical depth occurs at a point near the ae. 
of the throat. For example, in flume Ic, the critical depth (vertical d.) moves — 
from 6 in. to 9 in. below the upstream edge of the > throat a: as the flow i increases. ‘ 
The different base heights shown in Table 4 were studied to determine their — a 


4 relative importance on flume 6, co- 


rm 
shows the effect of base height « on 
flow measurement. Flumes 8, 6, 
and also flume 2c (which i is not — 
shown) are high based and did not Were 
function satisfactorily at very low E 
flumes 1 1 and 1c performed satisfac- 
torily within the flow limits of the Medium 
experiment. Flume 7, constructed 
on the channel bottom, ‘maintained reasonable accuracy throughout ‘all flows. 
Observation of the calibration curves of these flumes and a comparison of their 7 
discharge coefficients shows that the height of the base i is o of minor 
although it appears desirable to use a low-flume base. 
Terminal Transition.— —Experiments were conducted on flume le with the 
terminal transition removed entirely. y. In ‘this case, the flume consisted of 7 ; 


an 1 entrance transition and a throat so that the water shot, , weir- -like, back into a , 


j 


Firumes 


ERscror 


fir? 


channel. 12(a) shows the observations plotted on the ‘calibration 
curve of flume le with a terminal transition. of terminal transi- 


vows 


(See Abstract, Journal, A.W.W.A., 
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aniord, Lngineerstng, London, Vol. 30, 1941, pp. 


However, its absence would cause additional energy losses downstream from 

Entrance ‘Transition—Palmer and Bowlus" state that the entrance transi- 
tion (sides and base) for standard flumes should be approximately lon 3. 
The length may be restricted by difficulties of installation, and shorter | transi- 
tions might cause excessive turbulence and loss of energy. j= = > 
were made o on flume le with an entrance transition having a 


curve of with a l-on-3 entrance transition. Because the dillerencé 


04 
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old 


Quantity of flow, in cubic feet per second “won 
12. —Errecr ‘TRANSITION IN Actua. Test MINT 
these two curves is negligible, it be assumed that minor changes 


Point of Upstream Depth Measurement.—The upstream depth of flow, dh, is 
_ as the flow depth in the channel at the point where water enters the , 
‘transition section and was measured by a point gage in a ‘stilling well. 4 The ee 
flumes were placed in the test section so that the port of the stilling well was 
adjacent to the leading edge of the side transitions. ais” 
3 When flume Ie was moved downstream below the stilling-well port, ‘a small 
drawdown curve of increasing curvature with increasing flow was effected. 


_ Thus, the point « of measurement of the upstream depth sho should be at the en- 
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| 
trance to the fi or additional | loss of « energy i in the will be included 


pte 


The Arredi rating 1g method will g give satisfactory -y results with a high degree 
of. accuracy throughout a wide range of flows and channel conditions. 
Ez 2. The discharge coefficient varies from 0.97 to 1.03 as a function of f depth 7 
- of upstream flow for normal operation when the depth of upstream flow does be 
= not exceed 0.90 of the pipe diameter (0.90D), 
a Standard flumes will function properly if if the velocity head at depth for : 
_ the maximum flow is no greater than 1.5 times the normal depth. For special > 
eases this ratio may be exceeded if proper investigation is made of the result. | 
4, The vel city of approach can be greater than 2.0 ft per sec and is" a4 
§ The maximum submergence should not 85% of the 
x 6. These flumes will measure flows at depths of as 5 tena’ as 0.75 D under — a 
normal flow conditions—that is, at 90% of the maximum pipe capacity—but be 4 
the maximum depth may vary with the slope of the pipe and its 


cn.» 


iB 8, The sides of of the | flume may slope as | desired tl it is roperly 


rated. Side s slopes of 1 on 2 with a bottom width of D /3 ome the measure- a 


= diameter pipe). 
_ 9. The height of the bes for trapenoidal flumes should be between D /10 
'S 10. An entrance transition | of 1 on 3 is desirable, but small changes in the 
do not affect the accuracy of the flume. 
_ 11. The slope of the exit transition has no effect on : the accuracy of. meas- — 
urement. Such a transition is desirable only to conserve energy. 
The “point of upstream-depth measurement ‘should be no than 


0.5 D upstream from the entrance to the flume. 


Bee 
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research on the flumes was by the a 
Civil Engineering Division and the | Sanitary Engineering Research Laboratory, 

of the University of California, at Berkeley, 


Johnson, M. ASCE, and Erman A. ‘Pearson, ASCE, assisted 


Norman Anderson of the Los. Angeles County Sanitation Districts 


“the practical instalistion problems of Venturi flumes. 
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DIX. RATING-CURVE COMPUTATIONS FOR FLUME le 
Several graphical or r semigraphical methods may be used to compute the — 
‘rating curve. The Arredi method, as clarified by Harvey F. Ludwig, was used — 
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‘TABLE 5. For Ratine Curve FoR FLUME le 
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VENTURI FLUMES 
is solved values of dy corresponding to assumed Q. 
_ Three curves are plotted as shown in Fig. 13. Two show the area as a function eo 
of distance above the channel invert for the channel section and the throat _ 
section of the flume. A third curve shows the area as a function of velocity — Po 


for critical flow in the throat. The for these curves are 


4 values of critical depth in throat (Col. Gal 


“Add height of base, | t, to obtain height of surface above pipe ‘in vert 


Find area as d, (y+d -/m), and plot on Arredi diagram as dy versus 


“5. Find 2 Bas 2 y + 4 d./m (Col. x 

ind =— for throat, and plot 5 xB Versus A on Arredi ra 


“Assume depth i in U-shaped pipe (Col. 
Find corresponding pipe area (from standard handbooks), the section 


~~ “Assume value of rate of flow (Col. 9); 


~ From scale value de fora given | flow rate (an 


; example i is shown for 0.4 cu ft per sec). W ith this value, find the | depth i in the a 
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FRASCHINA ON VENTURI FLUMES 
_Keeno Frascura'*.—The North Point Sewage Treatment Plant of San 
Francisco (Calif.), which was placed in operation in December, 1951, 
primary treatment plant designed for an average dry-weather flow of 65 105 
gal per day and a maximum wet-weather flow rate of 150 x 10° gal per day. — 7 
Plant inflow is measured as the summation of flow i in four Parshall flumes § 
that are used to regulate velocity of flow in four grit tanks. Plant outflow is — 
4 measured by a Palmer-Bowlus flume in a covered channel between the sedi- 
mentation tanks | and the postchlorination contact tank. © The Parshall flumes 
are followed by : a sewage- -lift station. - Consequently, the ‘plant outflow rate 
- depends on sewage and sludge pumping rates and varies from the are h inflow 


mat oe ‘ ular 9 


— 6.00 ft—- 
1.00 ft 1.00 ft 


gal per day and 150 x 10° gal per day. The flume is accurately constructed — 
smooth concrete to the shown i in 1 Fig. 14. The channel 

wg by a trial-and-error solution of Eq. 2 2. Dimensions and flow characteristics — 

: ] listed as essential in the paper are given in Table 6. The value of D is is taken i 
as the width of the upstream channel, or 8.00 ié 
‘The flume differs from the recommendations (under the heading, 


as: The Palmer-Bowlus flume is designed { for a flow range of between 15 X 108 


The base height, D/8, exceeds the recommended of from 
= 10 to D/20 om for trapezoidal flumes. — 
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he slope of tin entrance transit n of 1 on 6 is less than ¢ the 1 recom 


foregoing diffe 
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Throat length....... 

Bide nope all sections 

E it 
slopes: 

‘Base 


Terminai transition slopes: 


channel slope: 
First 4, ft upstream flume entrance 


. h lo 
Submergence at 150 X<10* gal per day’. . 


From theoretical rating curve; flume not for measurement. Ratio, tailwater 

depth to da from the theoretical rating curve. 


Table 7 shows such a comparison : as s measured by arte average flow rates on 
1956. JA tent the diflerences 


Sludge from Sewage outflow 
sludge Venturi fom ay 
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=~ concluded that there is is no catalina significant difference between the . 

two methods of measurement. This is also shown diagrammatically in Fig.  : “a 
cone which the data in Cols. 3 and 4 are plotted on arithmetic probability paper. — oa 
* eh hi All points fall on a single straight line, and both sets of measurements can be = 
considered to be normally distributed with the same inherent variability. 
Errors of measurement by the primary measuring elements and their flow ir in- 

a _ It would be desirable to supplement the average daily flow readings given 

a in Table 7 with instantaneous readings taken | over the entire | range of. flow. 
ae Unfortunately, , steady flow conditions in the lift-pump s sump cannot be main- 
tained long enough to make accurate measurements. — Nevertheless, influent te 


and effluent flow charts (each readable | to 10° gal per day) seldom ‘differ by a 


more than 10° gal per day over | the r range of from 15 X 10° gal per day to ae 


=. 
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rd 


re 


Probability, in %, of exceeding 
IG. 15. oF FLows at Nortu Puaxt 


‘the s sump level remains anc 


flume ‘responds promptly to changes i in flow. hydraulic j jump is ob- 


of the Parshall and well within | the limit of 3% found 


' 
fe. fe ie There is no evidence of solids deposition in the channel ahead of the flume at a ‘ 
flows of as low as 15 X 10° gal per day. No maintenance required 


in the five years the flume hes been in service. 


EDWIN A. _WELts, M. ASCE, anp Harotp E B. Goraas, M. 
ees ASCE.—The Venturi flume | at the North Point Sewage Treatment Plant in 


a me San Francisco described by Mr. Fraschina is one of the largest “ele 


on. 


is. awe ‘17 “Statistical Methods for Chemists,” by W. J. Youden, John Wiley & Sons, Inc., New York, N. Y .» ce 

us Dean, Fee Financing Consultant, Stone & Youngberg, San Francisco, Calif. 


a 
— GOTAAS ON VENTURI FLUMES 
flumes. The writers visited this installation while it was under construction aa 
The methods used in the construction were most precise, and the flume design _ 
conformed, in general, with the of studies conducted 
Mr. Fraschina’ 8 study of the | lane and accuracy of this flume has ted 
z cated that the performance of a flume of this size conforms closely with the 
. results of the laboratory tests. As he has noted, the fact that the upstream 
channel is not circular has no relative bearing on the desirability or usefulness - 
of the Palmer-Bowlus type of Venturi flume for measuring flow. nar 
3 Except for minor variations, the North Point Palmer-Bowlus flume meets — 
the general criteria that have been found applicable. It should be empha- 
sized that the energy criterion developed in the laboratory studies is satisfied — 
_ by the nature of the installation and by its relative position to the hydraulic | 
: ‘grade line through the sewage treatment plant. 
_ Mr. Fraschina has performed the first first large-scale | correlative tests to come 
—_ to the attention of the writers. - They prc provide a valuable background for the 7 
_ future utility of the Palmer-Bowlus flume. The dimensions of each such flume - 
_ can be measured after it has been built, and the rating curves can bet modified 
to reflect even minor variations in the final construction. Because of the — 
q “standard” nature of the Parshall flume, rating curves cannot be modified - 
where the final flume as built differs from its original design. 
an _ ‘The writers have been advised that several Palmer-Bowlus flume installa-_ 
4 tions (in sewers) do not perform the metering functions satisfactorily. — This 7 
can probably be traced to the fact that prior to the availability of the energy 
4 criterion presented from la boratory tests the installation was designed prin- 
cipally on the basis of dimensional variables and approach velocity. 
as The most valuable product of the laboratory research is the dev elopment _ 
ofa working criterion for the design of the Palmer-Bowlus flume based on its Be 
Ancor Because Venturi-type ‘measuring flumes ‘must be 
a ‘stalled where rapid flow normally occurs, in sewers or in treatment plant 
2 channels, an understanding of the energy limits within which such a flume can 
7 be used should increase its utility. For conservative design these flumes have y 
_ heretofore been largely restricted to uses where ) tranquil flow can be assured. 
The Parshall flume, which was originally developed solely for use in eldtioen,. 
7 irrigation ditches in which there is tranquil flow, has been used unwittingly for y 
a variety of installations in which there is rapid flow. To the writers’ knowl- — - 
edge, ‘no energy criterion similar to that available | for Palmer-Bowlus — ; 
has ever been developed for the Parshall flume. 
a L The Palmer-Bowlus flume is becoming more widely used in the western 7 
United 8 States. For normal installations the design has not proved difficult or 
cumbersome. — However, because standard Palmer-Bowlus flumes have not 
gs developed to the point at which they are readily available in engineering a —— 
: handbooks, this type is not as popular and as well understood as the F Parshall — 
flume. Standard dimensions and rating curves for 
a further development in order that the normal metering problems, such = 


suggested by and Ludwig,™ can be handled. 
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TRANSACTIONS 


Mx IMPORTANCE OF GROUND WATER IN THE “wh 


as By ALBERT G. FIEDLER,? M. ASCE 


_ The use of water derived from underground sources by wells has increased 
a greatly. e Although ground water meets only approximately 15% of the United 
States’ total water requirements, it is an important resource on which a large 
part of the population depends. _ There i is no national ground- water problem 
as such, but there are numerous widely scattered problem areas, each differing : 
- more or less markedly from neighboring areas because of distinctive geologic : 
“and hydrologic environment and other local factors. Typical ground- water 
problems i in six areas are reviewed, and the solution of each must rest t on a ade- 
quate knowledge of the character and capacity of the ground- water reservoirs 
involved, and on comprehensive planning for the best use. of the available 
supply. ne It will be complex and expensive t to solve many of the major prob- 
5 lems, and practically all ‘problems will require ¢ considerable public education 


is 
and support to achieve adequate solution, 


~ As has been clearly stated in the report? on water-resources policy, there i is 
Be “national” water problem. Instead, there are individual problems dis- 


“water resources, which « differ in character and se severity from place to place. fl 


«dt is appropriate to devote attention to the importance of ‘ground + water and 
ground-water problems in the economy of the United States. - 
_ The great attention that v water T resources hi have been receiving is is substantial 4 


evidence: that both ‘public and private interests have become increasingly 
a aware that continued economic expansion is limited by the availability of an - 
we water supply of good quality. Inexhaustible supplies of Potable 


| 


Nore.—Published, as printed here, in June, 1957, in the Journal of the Sanitary Engines- 
ing Division, as Proceedings Paper 1271. Positions and titles given are those in effect when the paper was 


ae Chief, Water Resources Div., Geological Survey, U. 8. Dept. of the Interior, ie 8 kg D.G. 
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GROUND “WATER 


is that shove’ i is no that can to. 
water problems. A wide variety of solutions are required, each adapted to " 
_ the particular conditions and demands of the area under consideration. © There 7 
are water-supply shortages in many places. In others, at present rates of oa 7 
drawal or at prospective rates, shortages will occur in the near future. In 
still other areas in which ground water is a major source of supply, it it is ex- 
hausted by being withdrawn from the underground reservoirs at a rate far 
greater than the rate of replenishment. In such areas the water is, in effect, wy 
_ mined. Although there are many water problems throughout the United — 4 
= in both humid and arid regions, their multiplicity does not inlined oath 
that the nation is “running out of water.” allow 
Despite pessimistic predictions that the United States will not be able to. 
= the large prospective demand for water, the situation, as a whole, is not 
dark. The United States is one of the best watered nations in the world, and 
7 although population and industry are expanding, technical knowledge of water — 
= resources also is growing, even though not in proportion to demands for infor- 
mation. However, problems are being. defined more clearly, and new solutions _ 
are being developed constantly. In many cases the solutions will involve large 4 
expenditures. However, as in many problems, such ‘solutions concern eco- a ’ i 
> 
nomical rather than phy: sical feasibility, and necessary economic adjustments 
_ will be made wherever failure to make them would result in a still greater +f 
to the community and the country as a whole. bad % 
or Grounp Water INpicaTep By Size or InpustRY 


‘The importance in the national economy of water developed from the 
ground ‘by wells can be illustrated by examining the well-drilling industry. or 
7 The Water and Sewerage Industry and Utilities Division of the Business and 
Defense Services Administration (United States ‘Department of Commerce) 
- provides the best estimate available of the size of this industry.2 Although - 
‘no complete census has been taken, it is estimated that there are more than > 
9, 000 well-drilling contractors in the United States. ‘This figure has been ad- 3 
| es to allow for a relatively large percentage of part-time operators who 


it is intimated that the 9, 000 contractors ‘operate approxi- 
22,000 drilling machines and that they employ about 50,000 workers. 
_ Estimates of the number of wells constructed each year range from 460,000 to } 4 
~ 600,000. The latter figure seems somewhat high in relation to estimates of _ 
materials used to construct: t the wells and equip them with pumps. There- 4 
x fore, it seems reasonable to estimate the total number of wells (as | of 1957) 
- constructed each year as approximately 500,000. The new construction in- bs : 


“Water Well Drilling—a Big Industry,” by W. L. Picton, Water Well Journal, Champaign, 


ha 


= 

i water do not that stock must be taken of the — 4 i 

ie water resources that are avallabie in order that their use and conservation may y=! a 

: be planned wisely in order to meet the increasing demands of modern industrial _ i — aa 
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ENGINEERS 

at $475,000,000 in 1953. This sum not in- 
clude dug wells and small driven and bored wells | installed by. hand, ‘many of — 
“4 which are still being used in some areas. sent od vi bsanaiq 


_ Walter L. Picton, A. M. ASCE, has ‘ectinanhel? that the total number of 


mately 13,500,000 in 1957, and that by 1975 the total may reach 16,000,000. a rf 
ony, In reviewing these figures it should be realized that a substantial part of the 4 
aN annual construction—perhaps approximately 300,000 of the 500,000 wells— g 
_ represents the replacement of wells that have reached the end of their economic. = ; 
a’ life, so that approximately 200,000 wells are added to the total inventory each ~ y 
_ The total water r requirements of the United States have grown tremen- : 
. aa It is estimated that in 1900 the aggregate use of water was approxi- 
4 mately 40 X 10° gal per day, of which 7 X 10° gal per day were supplied by 
wells. The total use in 1955 is estimated at about 260 < 10° gal per day, of — 


>, 


= _ which almost 40 X 10° gal per day were obtained from underground sources = 


_ Assuming that the economy will expand and that present trends will continue, 7 
i it is reasonable to predict that normal growth in population, nonfarm homs- & 
3 3 building, movement of population to suburban areas, modernization of farms, a 
} industrial growth, and the demand for water for irrigation will cause a large a . 
7 increase in the use of water from wells, By 1975 the quantity developed from “a 
the ground may reach 69 10° gal per day, according to Picton. rah 
The well-drilling industry is not large if compared with other segments of - 
the economy, but it has great importance when viewed in relation to the present 
etn of living. It has been a significant factor in the decentralization of ; 
many industrial operations, in the movement of population from cities to sub- 
urban and rural areas, and in the expansion of irrigation in both ee and 


ont As a “penalty” for the n many benefits accruing from Taner eth sain 
‘development j in many sections of the United States has created certain prob- | 
ems. Perhaps a good way to show the varied and individual nature of the 
_ problems would be to examine a few briefly. They all have one factor in 
iy : There is is danger that there will not be enough v water of the necessary — 
4 quality | or temperature, at the specific points | where it is . desired, and ata con- 
venient or feasible cost. On other major points, such as local geology and — 
- hydrology, local economic situation and pattern of water needs, and the local - 
background of water law as it influences the ways in which the right to use 
__- water can be acquired, each problem area differs more or less markedly f from 
itsmeighboring areas, gail b BOOS yf 
 « ‘The western ‘United States has its full share of major water problems. == 
| One might say more than its share if it were not that the situation in the west 
is the inevitable result of regional hydrology and national history, and therefore - 
is hardly surprising or unexpected. In 1874, in | spite of the most optimistic — 
_ ¢laims of promoters as to the west’s fertility and productiveness, J. W. Powell — 
made an astute observation : and There would ni never ar be w vater 
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from 1% to 3% of s total area. In making this he 
P. _ bracketed the existing (1958) irrigated acreage in the west—roughly 2% of the 
total area. It is evident that the limit of practical irrigation in the temest i 
o> 4 been reached. New irrigation projects are already balanced by the retirement 
a of farmland as the result of water depletion, soil deterioration, suburban growth, 
and highway and industrial construction. According to Fred A. Seaton,‘ - 
a foregoing and other causes have removed more than 5,500,000 acres of = 
from farm use, a substantial part of it being irrigated land, in the period from — - 
Roswell Basin- —The Roswell artesian basin® in New Mexico i is 01 one 
7 lem area. Although it differs from the typical western valley in geology and» 
* hydrology, the Roswell Basin shares with many others the characteristic of a — 


a perennial natural water supply w which, although it is large, can be so o overde- 
i veloped that its usefulness in supporting the ? economy of the region can be 


history dates from the time when the mountains themselves were formed by 
the uplift and eastward tilting of a huge block of the earth’s crust. The 
client western edge of the block forms the steep west face of the mountains, 
_ overlooking the Tularosa Basin into which the adjacent block foundered. As 7 
the Sacramento block rose, streams flowing from its crest carried erosional a 
"debris eastward, forming a part of the vast alluvial apron whose remnants are ~ 
« known as the High Plains. Subsequent uplift and erosional and solutional ac- _ of 
__ tivity resulted in the trenching of the alluvial apron and isolation of the the High = 
- Plains from the mountains. In the Roswell area the separation of mountains: q 


aad plains was achieved by the southward-flowing Pecos River. The river — 
_ probably « once flowed somewhat west of its present course, at a higher level, 7. 
and reached its present position by gradual retreat down the dip slope of the — 
beds along the flanks of the Sacramento Mountains. As the Pecos River | 
shifted — eastward, it cut down and, together with its westward tributaries, — 
gyal away still more of the younger sedimentary rocks of the mountain — 
__ block, eventually exposing the soluble limestone that was to become the aqui-— 
fer of the Roswell Basin. . The river retreated eastward down the dip slope 
faster than it could remove all the rocks above the limestone. The result was 
belt of limestone exposed on the east flank of the mountains. East of this 
2 belt the limestone strata dip beneath the still unremoved shale, gypsum, and 


_ As the mountains rose, greater precipitation was induced along their crest, 
and as larger areas of the limestone strata were exposed by erosion, progres- 

- sively larger quantities of water entered through cracks and moved down the 
_ dip in the limestone. Much of the water returned to the surface in springs me 
_ the retreating featheredge of the younger rocks, but some of it passed | beneath ~ 
 # those rocks, gradually enlarging the crevices as it moved eastward. orc 


“Secretary Seaton Says We Must Bring Water to Every Thirsty pore,’ by Fred A. Seaton, Relamation 
News, National Reclamation Assn., Washington, D. C., November, 1956. 


wee and Ground Water Resources of the Roswell Artesian N. A. G. ‘Fiedler 
+a and 8. Nye, Water-Supply Paper 639, Geological Survey, U. 8. Dept. of the Interior, Washington, be: 
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GROUND WATER 


= mote that it was easier for the water to seep upward through the neal . 
a rocks and into the alluvium along the Pecos River than to move farther east. ey 
maa ih time the ground- water aystons developed to the ‘stage that existed — 


z on the mountain slope, passed beneath the confining beds of younger rocks i in 
openings that the water had created or enlarged by solution, seeped upward 


@ the alluvium deposited along the river, and eventually discharged inte: ‘the 
river or was captured by the thirsty flood-plain vegetation. 
fan The hydrologic make-up of the Roswell Basin has been described in de- 
tail because the description ‘emphasizes an important point: The availability _ 
“ of ground water in any area is governed by the hydrology of that area, which | 
a is different in one or more major respects from the hydrology of all other areas, < 
in 1 spite of other similarities. bis 260 X wel i 
-_ _ It was soon discovered that the Roswell Basin provided a bountiful supply 
_ of water by natural flow by drilling into the limestone that was made cavernous _ 
and permeable by « circulating water. Some wells flowed thousands of gallonsa 
a minute, and it is not surprising that early water users considered the source inex- _ 
haustible. However, as development mushroomed during the period from 
1905 to 1915, it soon became apparent that there was a limit to the water 
_ supply. As well after well was drilled, the artesian head declined. The yields 
a of all the wells diminished, and the wells on higher ground stopped flowing — 

4 altogether. Poorly or rusted casings in the older ones 
allowed water to leak directly into the alluvium at a rate greater than was’ a 
permitted by the relatively tight rocks through which it was necessary for the 

Water to discharge under natural conditions. It was necessary to install and — 
- operate expensive pumping equipment to continue the irrigation of lands pre- 
r viously supplied with flowing artesian water. Ultimately, the decline in head _ 
r became so great that many farms along the western side of the basin at higher — 
elevations were abandoned because crop returns were inadequate to meet the ey ; 
high cost of pumping the artesian water. old 
early in the 1920's the economy of the area began to change. The 
— Survey (United States Department of the Interior) was requested to 
poy nai the basin in cooperation with the state engineer in order to deter- — 
mine how much water could be developed perennially so that the state would : 
7) have a basis for the inevitable regulatory action. The Survey's investigation’ 
formed the basis of a state law,‘ 6 which was enacted in 1927, declaring mes. , 
waters ‘ “in underground st streams, , channels, artesian basins, reservoirs, or lakes, 
“the boundaries of which 1 may be reasonably ascertained by scientific investi 
gations or surface indications’ were public waters and subject to appropria- 
tion f for beneficial uses under the existing state laws relating to the appropria- > as 
tion of waters from surface streams. In order to test the constitutionality of q 
this legislation, two suits were brought into the district court, and in 1929 the 
State Supreme | Court of New Mexico rendered a far-reaching opinion uphold- 7 
ing the law in principle but declaring it unconstitutional. The 


tom approved March 16, 1927, New Mexico State Session, 182. 
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GROUND WATER 
sttictly. a on one: The law incorporated an existing statute, but referred 
to it only by title instead of quoting it in full, as required by the state’s con- Ee 
stitution. A new act,’ drawn in order to overcome the court's objections, was 
2 passed in 1931. This law has withstood all legal attacks and has served as a — 
_ model for similar laws in several other states. It provides a basis on at 
the use of water can be controlled so that its use can be held within safe | limits. ’ 
In the atmosphere provided by the knowledge of the basin’s water resources — 
and by the control of development under the state law, the local a, 
F was strengthened. _ Leaky wells were repaired or sealed to reduce the loss of 
water through them. Pumping of ground water from the alluvium, which 


"acreage W without increasing t the draft on the artesian reservoir, was ex- 
panded. — Other recommendations of the investigation w were also’ implemented, 7 
and the agricultural economy of the basin again was placed on a sound basis. — 
ol It would be gratifying to report that this area has no water problems, but 
tg this is not correct. As a result of high p prices for farm | products. during and since | 

World War II, the withdrawal of ground water from the basin as a whole has M5 
4 ‘increased persistently, despite the control afforded by the state law. This in- 

« ‘creased p pumping has created a situation in which ground-water levels have 7 
declined to new lows, saline water has encroached from the east, and the agri- 

—— economy of the basin again is being threatened. 282 oF 
“a An of the water in the artesian 


“for which there are no valid water rights. _ However, the increase in the use q 


4 ‘will not be sufficient to bring the remaining draft within the safe yield. Further © 
reduction in draft will undoubtedly be necessary, either through limiting the _ 
use of water on acreage of low water-right priority, through 2 reduction in 
the use of water on water-right land, or through the relentless action of economic 
= time a part of the water will undoubtedly be diverted to certain indus- 
trial or other uses that give a greater economic return than irrigation. Never-— 

_ theless, the goal of economic security will be reached only through the recog- " 
nition of the onto of the problem by both water users and the public, and 


manent ‘solution of the ‘ground- water problem will be successful it 
based on the widespread ‘acceptance of the fact that, in the long run, water use oe 4 


The Roswell Basin is an area which, although it has a large natural ground- 
water supply, has a hydrologic setting favorable to a permanent water supply, 

Ss is in a state having a model water law, requires constant vigilance and per- ; 
sistent effort. Many other areas have less assets and more liabilities, and yet a = 
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High Plains. —Not far the Roswell Basin is an in 
which the water problem is even more difficult—the High Plains. The High | 
4 Plains a area has extensive eateel ground- water r storage but negligible natural 


The High Plains are a vast apron © of by the flow- 
_ ing streams that carried water and erosional debris from the Rocky Mountains. : 
_ After the apron was laid down, it was isolated from its mountain source by 
erosion, and it was divided into several large segments by the major | streams | 
4 crossing it. a0 Thus, the High Plains consist of several large areas, each of which 
depends on local precipitation for its ground water. Because precipitation is 
light (20 in. or less in much of the area), evaporation is high, and there is a j 
4 tight subsoil in a large part of the plains, nearly all the precipitation is ‘dis- 
f “charged by evaporation and transpiration. Little runs off, and an average of 
_ only a fraction of 1 in. per yr can penetrate to the zone of saturation in ithe - 
\ lower part. of the alluvial apron, which rests on the tight rocks below gona avid 
_ The southern High Plains* of eastern New Mexico and western Texas, 
80 south of the Canadian River, are a vast underground reservoir, which stores — 
_ approximately 200 X 10° acre-ft of water but is replenished at a rate of prob- : 


4 ably less than 100,000 acre-ft and perhaps less than 75,000 acre-ft per yr. wheal) . 


- Domestic, stock, municipal, and industrial water supplies in the High 


Plains are obtained almost completely from wells because surface-water sup- 
plies are almost nonexistent. However, until the 1930's there were few irri- 
gation wells. Then the droughts and crop failures clearly demonstrated that pre- 
cipitation could not be depended on for successful crop growth year after year. 
Since about 1935 the development of ground water for irrigation in the southern — 
‘High Plains, particularly in Texas, accelerated at a rate unmatched elsewhere — 

- in the United States. Each year a new record is set in the number of wells” 
4 in use and quantity of water pumped. — Pumping i in the High Plains has been 

“the largest single factor in the tenfold increase in ground-water pumpage in _ 
7 Bang in the last decade, to a total for the state of more than 7 X 10° acre-ft .* 
per yr, second only to California. _ This water is being mined in the High 7 
_ Plains because the natural discharge at the edges of the plains continues un- 
abated and will not be ; affected substantially by the pumping for many years 4 
in the future. The increased pumping in the New Mexico section of the = 
plains has been less spectacular, but it is still impressive. = 
_ -‘What type of situation faces the users of ground water in the southern | 
High Plains? At first ‘many refused to believe that the water - supply was 


However, the | rains of 1941 wel were the heaviest, or almost the 


: heaviest, on record in much of the southwestern United States, and they prob- = 
will not be repeated, on the average, for 50 yror 100 yr. As evidenced by 


the fact that most recharge on the High Plains occurs in such years and that — 7 


- “Tittle or no recharge occurs in average or dry years, it is easy to realize that the _ 
__ # “Geology and Ground Water in the Irrigation Region of the Southern High Plains of Texas,” Progress " t 
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well ‘owners of the High Plains have 
that they are pumping from storage. It is too > early to state that they have y 
have become adjusted to the idea because it is not known exactly how the a 
_ region will meet the problem of of depletion of stored ground water. if events 7 
are allowed to run their course without interference, it will be n necessary - 
_ abandon irrigation from wells in certain areas, beginning at centers of heavy 
_ pumping and growing ol outward from those centers as the water is depleted in 
the outlying areas. Landowners in the affected areas will have to turn to 
_ dry farming, grazing, or other activities, or sell out and move. Areas in which © 
_ the saturated thickness of the water-bearing formation is small will be th . 
; first to experience difficulty i in obtaining water in quantities sufficient for i irri- 
- - gation, whereas those areas in which the saturated thickness of the formation 3 
large may have adequate water for heavy irrigation for a a relatively much 
as, What are the possible solutions? Storage and distribution of the available _ on os 
« flow of the major streams might help locally but could not replace the water 
v from wells—there is not enough surface water. Importing large quantities of a 
_ water from the more humid regions to the east is a dream of the future, as is’ ze 
* conversion of whatever saline water may be present. Artificial recharge of — a 
some of the water that now ponds and evaporates is somewhat promising, but 7 
_ how far it can go toward meeting future water demands that are as large as. 
_ the Present demands is still an unanswered question. Economy in the use of 


o some extent at least, and efforts in that | we 
7. _ The problem is complicated by the fact that a single aquifer i is divided by 
=f a political boundary into two parts. In each part the approach to conmaration 
and allocation of ground water differs widely from that in the other because 
ot basic differences in legal philosophy. In New Mexico the appropriation , a 
_ principle is followed. The doctrine of prior appropriation is based on the as-— fae 
- sumption that the water supply is perennial, whereas the water supply i in the i 
High Plains is exhaustible, in so far as large demands are concerned, unless ~-4 
aaa recharge can be practiced « on a scale far greater than seems possible — 


q 


_ the use of water at a total rate greater than the average recharge, which 
i ra would mean that only domestic and limited municipal and other uses could be 


“y sustained perennially. The state engineer allows additional water to be ap- 
_ propriated until, in his judgment, a point is reached at which existing devel- — 
at opments can continue successfully for a period of 40 yr before the water is so ri 
4 depleted that the developments become uneconomical. Further applications — 
- denied because they would shorten the useful economic life to less than 
the 40-yr period selected as the minimum necessary to compensate the indi- 
vidual, the community, and the state as a whole for the exhaustion of this — 
a .allow dqquesildug sd? lo omoe 


Texas law recognizes the principle of prior | to some extent 


| 1941 recharge was only a “drop iz 
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statute® for the of underground reservoirs of perco- 
- lating water and for the formation of water-conservation districts having the be 
power to establish regulations governing the conservation of ground water. 
One such district, covering essentially all the southern plains in Texas, has 
4 been formed. It actively promotes the conservation of water by eliminating 


4 wasteful t use and by research on artificial recharge ofstorm water, st” 
_ Here, too, is an area whose problem will be solved only by strenuous effort 


have been made t to man’s ‘ tools” for handling problems: 
Miami, Fla. —The humid eastern United States also has water problems. = 
" For example, an area that is about as humid as any in the east is the Miami — 
area of Florida, where the average annual rainfall is approximately 60 in. 
Be the climate is warm and the loss of water by evaporation and trans ‘ 
piration is high, the area is underlain by soil and rocks that are so ne ~ ad 
5 ont .” that a large | quantity of rainfall escapes evapotranspiration ‘and recharges the — q 
4 ground-water body. The permeability and transmissibility of the sand- 
Be q limestone aquifer are among the highest known in the United States and the 
world. For example, pumping at a rate of more than 40 X 10° gal per 
oe from the city’s Miami Springs-Hialeah well field produces a cone of depression — 4 
=e in the water table that is less than 4 ft deep. The maximum yield of the more = 
productive wells throughout the area is thousands of gallons per minute, and ; 
is determined more by practical considerations of pump and casing size than _ 
_by the yield of the aquifer. 2 dud) dont xi 
; ‘Where, then, is there a problem in this veritable paradise? — The answer 
lies in salt water and in drainage canals. Much of the metropolitan Miami * 
area lies on a low coastal ridge and is not subject to widespread flooding. fe - ¥ 
a ow in certain coastal areas and in the outlying areas, flooding. occurs 
a, during certain parts of most years so that the land either must be drained or 
= to make it usable for ordinary development. The drainage canals have 
_ lowered the water table and with it the head that formerly kept the aquifer so 
_ full of fresh water that fresh springs discharged ‘along the shore. With the 
_-« lowering in head, salt water has moved inland on a broad front along the shore 
and in the form of underground tongues along the canals. The salting of 
‘nearshore: wells, including those of the Coconut Grove well field, brought the i * 
—_* to public attention in the early 1930's. However, the problem did 
- not become acute until 1939, when drought conditions and a resultant low a 
canal flow permitted salt water from Biscayne Bay to » advance | ‘upstream i in the 
Miami Canal to a point beyond the Miami Springs-Hialeah well field. As a a 
‘ result of the lowering of the water table caused by pumping, the salt water 
seeped out of the canal through its” permeable bottom and sides and entered 


io ade of the public-supply wells. Meanwhile, the landward advance of the 


_ underground salt-water tongues along the Miami Canal and other tidal canals 
House Bill 162, approved June 2, 1949, Texas State 5ist 
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“was accelerated. was at this time that the Geological Survey’ 8 ground- 

7 water studies, made in cooperation with the Florida Geological Survey, were 

Bevereer to include cooperation with Dade County, the cities of Miami and oe 
Miami Beach, and other agencies, which resulted in an intensive study" of the z= 

_ hydrology of the Miami area and the rest of southeastern Florida. This study .° - 

vi showed that the Miami area can rely on a substantial ground- -water supply as _ 
_ as salt-water encroachment in and along the tidal canals can be controlled a 
> ' principal methods of control are adjustable dams, ‘which are placed in the ia 
ana and opened during normal and high water levels to allow the canals to 
control the rise of the water table, but are closed during low water levels to — 
& the inland flow of salt water in the canals and to maintain a higher water ios a 

present (1958) the salt-water problem i is more or less under. control, 
a few troublesome spots remain. Certain tidal | canals are still uncontrolled, 
and the control structures in others are too far upstream to restrain iedleowalice!— 
nearer the coast. Also, in recent years many new tidal canals 
have been proposed for low-lying coastal areas in order: ‘to obtain fill for re- 
claiming swampy land for homebuilding and to provide a access to the bay for be Ts 
pleasure boats. In effect, each canal would be an extension of Biscayne Bay, mo a 

_ bringing salt water inland as far as the canal extends and with it the threat of 

_ additional | salt-water encroachment. Wherever feasible, ‘appropriate control Zz 
a _ Measures should be taken to safeguard the precious ground-water supply. 

ss Long Island, New York. —The greatest metropolis in the United States— _ 

_ New York (N. Y.)—has had a ground- water er problem that is similar in some pi = 
respects to that of Miami. The water supply for New York City is obtained —_— 

es primarily from upstate surface re reservoirs, but ever since the early days a large aa 

share of the supplies d industrial water on Long Island has" p 
been obtained from wells. Long Island accumulated much of the debris 
up and carried along by the southward- -moving glaciers of t the Pleisto~ 


+ ind; the ice e sheets amassed vast quantities of eomminuted rock and dumped it, 
“blanketing a ridge of eroded Cretaceous 1s coastal-plain: sediments. The gla- 
ciers built up a ‘compound ridge of largely y permeable glacial drift, which forms — 


precipitation at a rate of approximately 1 000,000 gal per | day per sq mille; Ts 
makes of Long Island’s 1,400 sq miles an aquifer having a potential yield 2 


millions of gallons per day. Beneath the drift are Coastal Plain strata which 
include many beds of sand that form productive aquifers. These aquifers do 7 
not have their own source of recharge because they depend or on rainfall passing 
- through the ov verlying glacial drift. For this reason 1 they do not actually add 
4 to the ground-water potential. — However, they do provide a means of obtain of 
sing water in areas in which the water in the drift is scanty or of poor quality. 
In fact, because of the possibility « of contamination, there i is a tendency to il 
velop water supplies in the deeper aquilers, and half the total pumpage 
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is from these older 
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GROUND WATER 


Island's ground water has long been recognized and utilised, 
Because the population i is greatest at the western ground-water with- 


4 ina large part of (N. Y. and the lowering to the shore i 
; _ broad stretches and induced salt-water encroachment. The recognition of this 

_ danger led in the early 1930's to the enactment of a state law" empowering — 

‘4 the State Water Power and Control Commission to control ground-water with- — 


drawal on— Long Island, except for agricultural purposes. As a result of © 


_ that agency’s regulations, there has been a considerable reduction i in ground-— 
= ater withdrawal in the areas of heaviest pumping. Ground water used for : 
air conditioning, but not contaminated by that use, is returned to the nw 

at the rate of tens of millions of gallons per day in what is the most advanced _ 
development of artificial recharge through wells yet undertaken. | Little by 
— little, public authorities have closed down or reduced the withdrawal from the 
_ well fields that formerly supplied public water in Brooklyn and Queens (N. ae oo 

_ substituting water from the upstate sources. The’ water table in in Brooklyn h has x 
now (1958) recovered so that salt. water n no actively encroaches, or at 
least it moves at slow rates only. Nevertheless, the demand for relatively i in- q 
_ expensive ground water for numerous industrial and commercial uses in this. zz 

congested area is likely to continue. e. Therefore, it will be necessary | to keep “S| 
_ close watch on the area to make sure that the ground-water situation does not — . 

_-‘Tetrogress. Meanwhile, ground-water pumping for public and industrial | sup- 
and for irrigation has increased ‘markedly i in Nassau and Suffolk Counties 

to the east, _and great care will have to be exercised to prevent at ag in 


_ Midwestern States.—Different ground-water problems exist in parts of a 
large midwestern area of the United States that is underlain by artesian — 

_ sandstones of the Cambrian and Ordovician epochs. The area in which the 

7 on yield usable water includes eastern and southeastern Minnesota; 
western, southern, and eastern Wisconsin; northern Illinois; and northeastern — 
Towa. The strata cover the flanks of highlands of Precambrian rock in cer cen- * | 
tral Minnesota and | Wisconsin, | dipping to the south and west into Iowa and 

Illinois, and to the east into the Michigan basin. From the areas in which 


they crop out at the surface or beneath glacial drif drift, t they pass beneath younger © J 


Paleozoic rocks, and the water in thom confined under artesian pres- 


cannot compare with that _ 


of the aquifers of the areas described previously, they yield from a few hundred 


gallons per minute to a few thousand gallons per minute ' to wells penetrating 


their combined thickness, which in places i is more than 1 ft. In addi- 
tion, they are accessible in many places i in which “hells in the ov verlyi ing | 4 


Laws, enacted d April 18, 1933, New ‘YorkState Legislature, 156th Seasion, Chapter 206. 206. 2 
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‘The p principal problem i in the utilization of the sandstone water mauled is an 
economic one. Because of their accessibility, the sandstones have been widely 
developed as sources of municipal and industrial water supply. Even though 
sandstones have been replaced as the prime sources of the principal 
aa supplies in the larger metropolitan areas, including Chicago (Ill.), Mil- — 
waukee (Wis.), and St. Paul-Minneapolis (Minn.), they are pumped heavily 
for industrial use and for the public water supply of numerous suburban com- ES. 
- munities. Because they are not highly permeable compared with better aqui- at 


charge areas, the wate’. levels in sandstones have declined since 
- early days—by hundreds of feet in many places. Still, the sandstones have 
3 been n unwatered because they lie deeper than even the depths to which the as 
ib 
water levels have been drawn, and water can still be pumped as long as the «a 
user is willing to lift the water hundreds of feet. Eventually, the pumping ie 
: rates i in the areas of heavy development will stop increasing, or may even de- 
“crease, as the cones of depression extend and merge and the hydraulic ¢ gradi- 
ents toward the stabilized bottoms of the cones become more gentle. The a 
4 pumpage, too, will decrease as lifting the water becomes as expensive as its eo 
purchase from the ] public mains. _ There have been some inevitable hardships 
as users who became accustomed to low-cost water pumped from moderate 
_ depths were forced to deepen wells, lower pumps, or even stop pumping alto- 
4 gether. On the other hand, the water has contributed substantially | to the 
prosperity of this important industvial and farming region, and the only means © 
_ by which it can be obtained i in the quantities that have been developed has — 
- been to tolerate the declines in water level. In large ar areas between the centers 
= of heaviest pumping, the water levels have not been drawn down far, and water — 
is still available with moderate lifts. For the maximum development of the 
i available supply i in these sandstones, it is obvious that, wherever economically 
feasible, some of the water demand in heavy-pumping centers might be met __ 
profitably by pumping from these moderate-lift areas. dt 
et Throughout the area in which the artesian sandstones provide relatively 
. 3 4 large quantities of water, there are less extensive aquifers, such as Paleozoic _ - 
4 limestones, glacial outwash, and valley fill along recent and preglacial valleys. “a 
‘These are undeveloped for the most part, and few qu quantitative data on their — 
4 capacity: are available. However, these aquifers yield substantial supple in 
some place es, and their availability. for further dev relopment should not be 


‘eh Yazoo Mi: ississippi. reviewing examples of the variety and range 


of ground- water problems in the United States, one might select the Yazoo 
Delta of northwestern Mississippi. The delta is an area of rapidly expanding — 


development. of ground water for irrigation. ss It does not presently (1958) hav . 1 
‘serious problems, but some develop | unless steps a are taken 


to forestall them. 
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. The Yazoo Delta is a part of the prehistoric athe of the Mississippi Rive er “— 
which, in this its area of widest meandering, has wandered as far east as the 


‘ present course of the Yazoo River in Mississippi and as far west as the valleys” or 
the Arkansas River and Ouachita River i in Arkansas. During the Pleisto- 


preys nearly flat-bottomed many miles wide and several 
feet deep. The trench was partly filled late in the ice age, or at the beginning 
of the Recent epoch, with glacial debris, much of it coarse and well sorted. _ 
_ Later, as the Recent epoch continued, the flow of the streams slackened, and the _ 
coarse glacial outwash was covered by deposits of silt and clay. ened de) 

ery Irrigation i in the Yasoo Delta was first practiced using water from streams, 4 


farmers realized that a huge re reservoir of water was available wherever « one 
chose to drill and which was more reliable than the surface-water supplies that 
diminished in periods of drought, just when they were needed the most. — By 
the end of 1955. approximately. 1,000 irrigation wells had been put down, and 
_ by the end of 1956 the total probably neared 1,200; the pumpage in 1956 was — XN 
500, 000 acre-ft. A — County i in n the west-central part of the delta became <4 


pedes recharge from precipitation and irrigation water. For the possible sig- 
_ nificance of this situation, one has only to examine the Grand Prairie of Ark-— 
ansas across the Mississippi River, where conditions appear to be somewhat 
_ similar. There the pumping of water for rice irrigation and the impeding of re- 
charge by the tight subsoil have caused the depletion of ground water to such an | 
_ extent that it has been necessary to find means to replenish the ground water by — 
_ artificial recharge through wells or other media. In comparing any two areas, it 
is not possible to draw an exact parallel between the Grand Prairie and the 
Yazoo Delta because the geologic and hydrologic conditions i in the two — 


or local agencies take action in 
_ withdrawals, if necessary, and practicing artificial recharge. Comprehensive q q 
ground-water studies were begun in the area late in 1953 as a cooperative 
. state-federal project, and are still being conducted with the Mississippi Board _ 


of Water Commissioners as the cooperating state agency. These studies will " a 
_ provide a sound basis of hydrologic facts for the state and its administrative — 4 
. subdivisions to promote a full yet safe development of the great ground-water 


vi Lessons to be. Learned. are some of the lessons that might be gained 
from the case histories ant from th the results, of other hydrologic 


resources of the Yazoo Delta. 
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studies throughout the United States? a primary need is to recog- 
nize that although emphasis herein has’ been placed on ground water, its prob- — 
lems and those of surface water are bound together. It is impossible to con 
sider the use of one resource without recognizing the extent to which the othe 
? may be affected. The effect may be adverse, as, for instance, when the pump- © 
sing of grond water depletes the flow of a stream whose water is already fully car 
utilized, or when new diversions from a stream reduce the recharge to a down- 
i. stream aquifer. On the other hand, it may be possible to use surface water to j oj 
remedy a water shortage, or conversely. nave dof 
- In all six problem areas described, surface water is significant in one respect _ 
or another. In the Roswell Basin, surface water is involved because the 
water of the Pecos River is fully appropriated, and the river cannot be relied :. 
ons as a source of water to compensate for a -ground- -water shortage. In addi- 
tion, pumping and consumptive use of ground water deplete the river, whose 


base flow depends to a large extent on ~ upward seepage of water from the 


In the High Plains, sie, there is insufficient surface water to replace the 
di diminishing ground-water resources. The proposed projects would make — 
water available from the Canadian River to meet a substantial part of the - 
S municipal and industrial needs of the area but only a fraction of the irriga- 
tion requirement. Some water running off into the many | shallow ponds of the 
plains | will be salvaged also for direct use or for recharge to the aquifer through x 
wells. Although the foregoing does not answer the problem completely, any 
a ; available surface water will contribute greatly to the economy of the High 7. z 
a, southeastern Florida the ‘control of surface \ water is perhaps the most a 
essential ingredient in the successful use of the abundant ground water. In 
this area a delicate balance must be preserved between replenishment and dis- 
posal of water. The replenishment from rainfall is great and often occurs at ‘ 
; nearly unmanageable rates, as whenever a hurricane dumps many inches of 
ct over the whole area in ‘a day or two. On the other hand, the combina- 


tion of a highly permeable aquifer and a system of drainage canals results in 
the rapid draining of water during dry weather unless steps are taken to halt it. 
“te It would be possible to stress the significance of surface water in the other 
three ground-water problem areas that have been cited. However, to do so 
_ would only emphasize further the fact that ground water and surface water 
must be considered to gether, , both as ‘sources of water and as interrelated re- B 
& neither of whieh can ‘be developed safely without considering the effect 


a 


Betis... is important to note that the national water supply is not diminishing, 
in so far as can be ascertained, but remains approximately the same over the - 
long term. There are wet and dry cycles, ranging in duration from a few — 
years to a few decades, that must be considered, and less definite wet and dry = 


trends that may have periods of from 50 yr to 100 yr, or more. However, _- 


_ there is no reason to fear that the United States is gradually drying up. = 
sane the s same re total water r supply can be relied on in the long run. Never- 
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GROUND WATER» 
recur periodically, such as the one that has in of the 
western United States ever since the record-breaking rains of 1941, and the — 
"4 one that has affected a sizable part of the midwestern and eastern states since © 
1955. Each new drought brings problems more severe than before because _ 
each year more water is used and the limits of supply are approached more 
closely in increasing localities. When normal or wet spells are used to expand — 
water use to the limit, the problems presented by the inevitable drought are 
compounded. . The water shortage in New York City in 1949 and 1950 is a 
_ dramatic example. Not even much of a drought was necessary to. reveal the > 
_ impossibility of continuing, year after year, to take advantage of theextra water __ 
_ provided by the wet years. — Fortunately, the water shortage caused relatively 
little real hardship, and the city already had planned for additional sources — 
that would have been used if World War II had not occurred . Nevertheless ae 


oh ae per more serious fashion in other areas if the development and conservation 
of water do not keep up withdemand. 
ih a relatively uniform water supply, yet one that is reduced signifi- id 
cantly by drought for periods of from one year to several years, and with © 
_ water demands rising every year, what can be done? More water will be | 
bought, waste will be reduced, or demand will be lowered. 
Basic Attack on Problems: —In order to get the water needed at a j 
Price, several conditions must be met: 
First and foremost, one m must determine how much water is used and how | 
much can be used. This involves the considerable task of maintaining at an up- 
to-date mventory of water uses, and the much greater and almost overwhelm- 
‘ing task of measuring the national water supply. a The latter task will require — 
= = filling in of many gaps in the present knowledge of the basic physical prin- 
ciples that control the occurrence of water in different environments, as well as 
_ the forces involved in the movement of water from one environment to another. — 
_ As both an essential part and an extension of this ; research, it is necessary to fl 
utilize the knowledge of basic to locate and characterize each sur- 


ot With this | knowledge, the individual problems must be handled as they * 
po 
in n their earliest, stages | when it is still easy and i inexpensive to do so. y It must . 3 
be recognized that each problem is different; each is a product of the local — 
geologic and climatic environment and history of water development. . For . 
most of the major problems, : the solution will be difficult, complicated, and A 
_ expensive, and will require considerable public education to secure adequate — 
_ public support. A solution that might work i in one area may be impracticable a 
another similar area because of traditions of water use that 
have become expressed inlaw. grad 
The most efficient Utilization water resources require long-term planning 
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sen i rstate problems are handled by 
of water lies in the states themselves, and Interstate 7: 


- compacts agreed to by the United States Congress, or isd interstate lawsuits — 
decided in the United States Supreme Court. Because interstate difficulties 
are only a small part of the water problems as a whole, it is within the frame- fn 
— of state law that the planning and control of water use must be accom- — “3 
plished. |. Although existing law may handicap « efforts occasionally to achieve L< 
~ long-range planning and adequate control of water development, and even 7 
3 though public sentiment may not favor the changes in the law necessary for - 
effective water use, in most states much more can be accomplished along these i. - 


than has been doneinthe past. 
_ The ground-water r reports ¢ 8 of inv estigations, chiefly by the Geological Survey — 
its cooperating a agencies, provide the basis for the | geologic and 
material presented. Special acknowledgment is made to Charles L. Mc- — 
Guinness for | his assistance in in 1 the preparation of the paper, and to the Geological 7 


* the ground- water problem a areas in their districts. ce! ae, ee 
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EARTHQUAKE RESISTAN 

BY Ray W. CLOUGH" AND Davip PIRTZ, * ASSOCIATE 


Discussion BY MEssrs. Nicos N. AMBRASEYS; Joun V. 


Ray W. anp Davip Pr 
: >. An exper erimental i investigation of the effects of earthquakes on rock-fill dams 
with earthen cores is described. The tests were performed on (1/150)-scale_ 
models of two types of dams—one having an inclined core near the Smt 


face, and the other having a central core. The models were subjected simul- 
- taneously to water loadings and to simulated earthquakes that were generated 


> 


a by the shaking table on which the models were constructed. _ « 
are ‘resistant to 


i The test results show that rock-fill dams inherently 
because of their flexible structure. No catastrophic slippages occurred 


_ in the models when they were subjected to bcp accelerations exceeding the _ 


_ presentation of rock-fill dams of the latter we e. ts In general, such da dams may be be 5 


"4 - divided into two broad classifications: Those having a sloping impervious core 
_ ‘near the front face, and those having a vertical core which is centrally located. 


as here, in April, 1956, in the Journal of the Soil 


Nore. —Published, inlly 
Division, as Proc 941. and titles given are those in effect when the 
paper or discussion was approv or publication in Transactions. earen hi 
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1 Associate Prof. of Civ. Eng., Univ. of California, Berkeley, Calif. 
? Associate Prof. of Civ. Eng., Univ. of California, Berkeley, Calif. iret aetrd of the aye 
 §“Rock-Fill Dam Design and Construction Problems,” by D. J. Bleifuss and J. P. Hawke, Proceedings- — 
4 Separate No. 614, ASCE, October, 
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stability when subjected to earthquakes, some doubt has expressed as to the 
2 suitability of sloping-core dams for use in the western regions of the United | 4 


7S: 
QUARRY-RUN ROCK 


~ROLLED IMPERVIOUS CORE 


weights 


Fie. SLopinc-Core Rock-Finu Daw 


The purpose of the ‘investigation was to determine qualitatively, by: ‘model 
' tests, the effects of earthquakes on the two types of impervious-core rock- fill 
dams, and to compare their earthquake resistance. 
orn prototype of the ‘sloping-core dam was a ‘preliminary design of the 
Kenney Dam, a structure approximately 300 ft high that was recently con- al 
structed on the Nechako River in British Columbia. The prototype of a 
on the Whit dam was a hypothetical structure similar to Mud Mountain Dam 
on. the White River in Washington, but it was sealed to a height of 300 ft so - 
_ that its dimensions would be comparable with those of the sloping-core dam. 7 
_ Cross-sectional dimensions of the prototypes and models are shown in Figs. “y 
and 2. of sldaties!) borabiesos & de to citer ddgiod 
_, During the test program, models of the sloping-core dam were subjected to 
_ ‘simulated earthquakes of various intensities with the water in the reservoir at 
three different levels—empty, 4/10 full, and full, The model of the central- 
, 2 core dam was tested only in the full- reservoir condition. . The simulated earth- > 
: _ quakes ranged in intensity from maximum ground accelerations of less than 
0. 10.9 1/10 of the aceeleration of gravity) to about 1. to 


Similitude Requirements. —In order that of the model tests might be 
representative of the earthquake response of the prototypes, it was necessary to 


3 consider the ‘Tequirements of me model similitude. In a structural model intended ae 
for dynamic loading, complete similitude i is obtained if there i is similarity b e+ 


Dams with sloping cores are more easily constructed and are more economical = 
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tween the model and prototype with respect to forces, lengths, and periods of 
time. Length similitude i is obtained by making the model geometrically simi- 


is made smopottionsl i in duration to the corresponding event in the prototype. a 
- Similarity of forces requires that all forces in the model have a constant ratio -_ 
_ the corresponding forces in the prototype. In general, the requirements of — 
-similitude in a geometrically similar model ae be determined by consideration — 
of the forces acting in the structure.t The time-scale ratio may then be ea 
directly from the — for similitude of namic forces. 


SECTION OF PROTOTYP: 


X ae | the following presentation, n, the various us symbols will be defined as s they are 7 
introduced. The subscripts, m and p, will be used to refer to the model and _ 
The first step in the design of the models that were used in the | investigation __ 
was the selection of a suitable length scale. The space that was available for 
testing limited the end-to-end length of the model to approximately 7 ft. Ac- 7 
cordingly, the height of the model was established at 2 ft because a length- to- 7 
a height ratio of at least 3 was considered desirable to minimize the effects of end . 


restraint. . The ratio of model height to prototyr pe height determined the length 
Seale, Thus, 3 750" in which L any li linear d dimen- 


all dimensions of the were in this scale. for 
Be 
types « of forces were of importance i in the analysis : (a) Dead weight of rock- fill - 
and core material; (b) applied water load; (c) inertia forces due to earthquake & 
accelerations; (@) forces associated with elastic deformations in the structure; 
and forces connected with the ultimate strength of the ‘structure. 


_  4“General Structural Similtude,” Carlson i “Tests on Models of Proposed 
4 Francisco-Oakland Suspension Bridge,”’ 7? E. Beggs, R. E. Davis, and H. E. Da vis, Univ. of California 
in Eng., Berkeley, 8, No. 2, 1933, "Appendix A. J Tt 


_ The next step was the determination of the model ratio of forces. Five 
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q ioe similitude to exist, the ratio of each model force to the corresponding wr 
a 7 force must be the same for all types of forces. The force ratio will be designated 


by the symbol, a, with appropriate subscripts to indicate the = 
a ae the analysis the ratio of the dead- weight forces in the model to those of 
= prototype determined the value of the force ratio. — ‘The dead- weight force 
_is given by the product of the unit weight, vy, and the volume, V, but the volume 
is proportional to the cube of the length. Thus, Sara J Taig 
- ia Ina a similar analysis the ratio 0 of applied fluid forces will have eens same “a 


_ 


4 


 tunia od “= 7 = 


In for this ratio ‘to the ratio of dead- weight forces, the 
‘model accelerations must. equal the prototype ‘accelerations, basqab 


» which 4 represents time. Finally, designating the model ratio of time 


is by the symbol, 7, the time scale becomes 


such as the periods of vibration, ‘must take only 8.2% as long as as the correnpend= 
(Bs Forces that are associated with elastic deformations in the structure depend _ 
 Gil'dame on the effective modulus of rigidity of the materials because in rock- — 


fill dams the only important deformations that are developed by earthquakes _ 
ares shearing distortions. The force that is required to produce a given elastic 
strain is the es of the unit strain, é, the modulus of rigidity, G, , and the 


ei 
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the model material 

i tts of masses, 

— 

— 

= 

— 
— 
J 

4 if 

ae) 

ra 

im 

im 

— 


In ‘order similitude, ‘the stra strain in must equal 


the strain in the prototype. _ . The ratio of areas is equal to the square of the i 


from which the ratio of moduli of rigidity required for ‘similitude ig ox! 

in for the model simalate failures in the prototype, not 


depend on two factors—the internal friction and the cohesion. Simili- 
tude requires that the ultimate model force, which i is associated with each of : 
these factors separately, must be in the proper ratio to the nemaaied cal 
Because the angle of internal friction i is quantity, ite 
i is not affected by: change | of scale. Consequently, internal friction forces 
2 can be simulated only if the angle of internal friction in the model is equal to 
: that in the prototype. _ The ultimate cohesive force is given by the product of 7 


the cohesion, C, and the area, A. Therefore, the ratio of cohesive forces 


2 


‘- Equating Eq. 105 with ee established force ratio yields the ‘Tequired ratio of 


model cohesion to prototype cohesion, = st 


vc Selection of Model Materials. —After the relationships between the model and 
the prototype that are required by similitude had been determined, the next i 
step in the design of the models was to select materials that would satisfy these 
‘The dumped rock fill of the prototype was assumed to consist of essentially 7 
e granular material ranging in size from sand to massive boulders and having an 
unit dry weight 0 of 110 of this material was 


— | 
‘ll 
— 
— | 
— 
q 
— 
q _ 
4 
ee _ __ lated. The model should fail at a force corresponding to the force that would = a 
— 
— 
— 
— 

— 
— 


ROCK-FILL ‘DAMS 


assumed to be : the angle of internal friction was taken at 45°. 
_ (This value is somewhat greater than thes normally used in the oe of rock- 


S 


They value of the angle of internal friction of the model material, as determined ~ 
by direct-shear tests using relatively Ic low ‘normal loads, ' was 48° — the value of ‘ 


foot 


oh 
af 
| be 


Shear strength, 
pounds per square 


Water content, i in percentage 
Errect or WaTEeR ConTEeNt oN SHEAR STRENGTH 
Cuay—Sratic Loaping 
the se same angle as determined by the vacuum triaxial test was 42°. Both these a. 
values sufficiently approximated the corresponding value of the prototype. 
ae _ The clay core of the prototype was assumed to have a , cohesion of approxi- 


ig ‘mately 1, 000 Ib per sq ft and an effective angle of internal; friction of 20°. 


=“ However, the component of shear strength due to internal friction was neg- 
lected b because of the possibility that pore pressures might be developed with — 
sufficient ‘magnitude to eliminate it. for similitude a model ‘material 


Cm = 1,000 (0.87) wh) - = 5.8 Ib per sq 


‘the model and be stiff enough to be placed without difficulty during construc- — 


tion of the model. A commercially available kaolin clay was suitable for the 
purpose. Because of its low plasticity it was easy to mix and handle. Ata 7 
s content of 125% it had the required shear strength of 5.8 lb per. sq ft. 


Review of Special Probleme on Soil Shear Strengths,” a. ‘paper ‘s the 
meeting of the Soil — and Foundations Div., ASC |, San Francisco, Calif., January, 1954. ened 
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4 — of the model, a crushed quartzite was selected which would passa j-in. jo (i 

‘ ¥. _ sieve and be retained on a No. 30 sieve. The unit dry weight of this material a 
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as also advisable to investigate the strength of this is when it was 
a subjected to rapid loadings because previous investigators had observed a con- 
siderable increase (from 40% to 200%) in the strength of saturated clays under © 
such conditions.® - Results of this study showed that when the kaolin mixed to a a 
"water content of 125% under 1 rapid loading (0.03 sec) it had a strength 10% 
_ greater than when subjected to a static loading (failure time of 5 min). “There- } 
fore, the model material is similar to the prototype materials in this respect. an 
, The effective modulus of “rigidity of the materials that were used in the 
_ construction of rock-fill dams was on the order of 12,000 1b > per sq in. 7 In order 


Required 
ratio model: | Prototype | 


tnt dry weight, model material, Pepi 

in pounds per cubic foot = | 0.87: ped 
weight, liquid, in pounds per cubic -+| 0.87: 2. 54. 
Angie of internal in degrees i: 


Cohesion of lay, in in n pounds per foot... 87:150 Model F 7. 4 


Modulus of: rigidity, in pounds per square inch...| 0.87: 150 4 12, 000 i> 120 


preserve similitude of dynamic deformations, the expected modulus of © ‘¢ 


= of the model materials should be in 


yf 2) = (12,000) (0.87) = 70 lb per sq i 


pore mcheon the height of the ‘model, the effective modulus of the model 
» dam materials was computed as 120 lb per sq in., or approximately twice as 
‘great. as it should have been. The principal effect of this discrepancy i in rigidity — 
was to reduce the natural period of vibrations of the model from approximately = 
0.09 sec as required by similitude to about 0.07 sec. It will be demonstrated = ! 
_ subsequently that this reduction of of period i in the model would tend to increase “4 
- the model stresses, and, thus, the results obtained with the model should be 
It was noted in the previous section that in order to maintain similitude of © 


‘ the applied loads the specific g gravity of the liquid loading of the model should © 


“Research on Deformation Strength Characteristics of Soils and Soft Rocks under Transi- 
ent Loading,” by A. Casagrande and L. Shannon, Soil Mechanics Series $1, Harvard Graduate School — 
of Eng., Cambridge, Mass., No. 447, "1948. 
1 “Seismic Investigations of Hansen Dam and Site,” by C. A. Halland, report to the Office of the U.S. 
> Engr., South Pacific Div., San Francisco, Calif., 1938. do 


static shear strength of the clay, as determined by a quick, undrained, 
direct-shear test, is plotted as a function of water content in Fig.3. The direct- 
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rs = possible to obtain such a liquid, ‘it was allie} to use water for Verlag 
i the model. ‘The: effect of this discrepancy was to increase the loads on the ~ 


model beyond the required value, and again the model results should be con- a 


= Summary. —The results of the similitude analysis and model design are big 


A 4 From this table it is seen that all the required model values | have been. achieved «= & 


with the exception of the density of liquid and the modulus of rigidity of the 
model materials. As was stated previously, the discrepancy in both the items | 
‘is on the conservative side—that is, the tendencies toward failure should be _ 
greater i in the model than in the prototype. 
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Shaking Table—The simulated earthquake was applied to the model by a 
- shaking table. The top of the table was a reinforced concrete slab, which was e 


debs was supported at each corner by ‘flexible steel leg, which permitted the 
slab to move freely in the longitudinal (upstream and downstream) direction, 


Walls, which were 27 in. high and cross braced to reduce local Wibtetions,.weee 
a provided in order to retain the model dam and reservoir. A sketch showing the 

general construction features of the shaking table i is shown i in Fig. 4. Motion — 

was imparted to the table by a 150-Ib pendulum 1 striking : against a buffer s spring 
7 at the i ag end of the table. The other end of the teble was anchored Bp 
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by this type of system may be divided into two 
phases.* In. the first phase, while the pendulum is in contact with the | buffer 
spring, it acts as a system with two degrees of freedom. After the pendulum — 
has rebounded, the ensuing table motion is a damped, simple harmonic mor 


ations are shown in Fig. 5. wheb bes trent 
: bat The proximity of the vertical upstream wall of the ee table to the ince 
of the dam constituted a difference between model and prototype conditions, 
- _ which, it was felt, might cause some discrepancies in the response of the model. 
oa, Specifically, it seemed that a pressure wave might , develop at this face during a % 
- downstream acceleration of the table and that the wave might affect the model. - 
a In order to prevent this occurrence, an air cushion in the form of a blanket of 
rubber tubes was mounted against the upstream | wall. 


gure measurements indicated the effectiveness of the cushion. Prior to its in- a 


iy Fie. OSCILLOGRAMS OF AND ACCELERATION 
init ty at SHAKING TABLE 


stallation, downstream accelerations were accompanied _ by pressure increases 
near the upstream wall. After the cushion was in place, the pressure near the 4 
_ upstream face decreased when the table was accelerated downstream, as would Pa 
_ be expected in the prototype when the dam tended to move away from the 


hed nstrumentation.—The primary instrumentation for the test program con- — 
sisted of a dip gage and accelerometer, which were mounted on the shaking 
_ table to record its displacements and accelerations—that is, to measure the 7 
: intensity of the earthquake applied to the model. In addition, a linear, vate 
% able, differential-transformer type of displacement gage was ised for: measuring 
4 the displacements of the top of the dam wit respect to the base. The core of 
t 
its mass had a negligible effect on the for developed in the dam. However, 
the gage could be used only with earthquakes of rather light intensity because 


strong earthquakes were accompanied by settlement of the dam, which 


‘Vibration Research at Stanford University,” 
a Amnatten, Vol. 19, No. 1, March, 1929. 


by L. 8. ‘Jacobsen, "Bulletin, 
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gage inoperative. Ina few tests a was buried near 


ase of the model. ah Yo qm Base 
~ the The output of the various gages was recorded on two-channel, direct writing 
oscillographs. The maximum frequency for which this equipment was i 
signed i is about 100 cycles per sec. A few check tests were made using a high- 
frequency, photographic recording oscillograph in order to determine whether 


any part of the was missed by the recorders. 


the. two of Therefore, the direct recorder ¥ was s used 
he For the purpose of the investigation, the effect of the simulated earthquakes 
on the models was indicated by the change of shape or deformation of the a 
models. The shape was measured with a profileometer, which consisted of a _ 
depth ga gage mounted on rails above the dam. By measuring the distance down — ie 
to the surface of the dam at intervals across the midsection, an accurate mea- 


‘cal 


“In constructing the models the part of the structure that was downstream 
from | the sloping core was placed : and screeded to shape. _ ‘The clay blanket was a 


placed on the upstream ‘surface of this main structure. - Because of the low 
shear strength of the core material, the upstream rock had to be built up to-— 
gether with the clay, ir in order to hold it in position. _ Screed boards, ‘sliding on 7 


wi 


wooden s strips that were clamped to the walls of the table, aided in obtaining the 3 
4 


proper shape forthe crosssection, = 


The prototype core consisted of a central clay core proper, above and below 
which was a sie layer consisting « of sand and relatively fine crushed 1 rock (Figs. . ; 
land 2). To approximate a corresponding condition in the models, which had 

clay cores olan; the thickness of the model core was made to correspond to the 
7 _ thickness of the pr prototype core proper f plus one-half of the thickness of the ad- 
All the rock (upstream and downstream) was moistened with a fine spray ca 
before the core of the dam was constructed so that it would not absorb water ; 
from the clay. The original water content of the clay was purposely made 
a greater th than that desired at the time of the test because it was known that a < 
water would be lost as a result of consolidation. The desired shear strength « of ; 
-—-§.8 Ib per sq ft ‘corresponded to a water content of 125%, in accordance with ~ 


pleted. Each model was ‘subjected to a series of earthquakes of increasing i“ 
~ magnitude. _ Each earthquake consisted of an initial impact of the pendulum a 
two! blows, after ‘which the table was permitted to 
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ROCK-FI 
freely until the motion was finally damped out. During. each 
were taken of acceleration and displacement of the shaking table (base of dam) % 
and the top of the dam. oe Profile measurements were also made prior to o filling — 
the 1 reservoir, , after filling the res reservoir, and after each test earthquake. pid.» 
_ The magnitude of the accelerations developed by the earthquakes = 
: tg controlled by specifying the chord of the arc through which the —* 
_ swung. For the weaker motions the magnitude of the maximum — 
Was nearly proportional to the chord distance—for the stronger ones the maxi- 
< mum accelerations increased more rapidly than the chord distances. eek A 
hig Immediately after the model was tested, the reservoir was drained, and six 
representative samples of the oay. blanket were taken so that the shear strength 7 


stream structure for a a sloping-core dam any clay core), five econ 
tained sloping cores and water in the reservoir at various levels, and one wasa 3 
model of a dam with a central clay core. 

i Downstream Rock Structure Only. —Tests on the two saitite of the down- 
" > stream rock structure for a sloping-core dam (downstream and upstream slopes 

of 1.40: 1) were conducted to study the change i in slope and crest settlement of a 
rock fill that had been placed approxin 

‘a At accelerations as great as 0.4 g, the profiles for both models showed that ie 

am change occurred and that the settlement at the crest was 0.6% of the height of 

the model. s settlement is no more than would be expected in the 


for conditions during a period of several 


cited. The first two ‘models w were used for preliminary studies to develop | 
‘ methods of construction a and nd instrumentation an and the last model was used d for 
a. Model E had a sloping clay core, a downstream slope of 1.40:1, and “a 
- upstream slope of 2.25:1, as shown in Fig. 1. The model (with water atthe 
_ full-reservoir level) was tested 3 hr after construction. — - Immediately after the _ 
test the average . water content of the core was : 115%, and the corresponding 
- shear strength was 7.2 lb per sq ft (Fig. 3). The observed accelerations and i 
_ displacements are are given in Table 1, and the profiles are shown in Fig.6. These 
profiles indicate accumulated displacements, and the effect of ar any single earth- 
Be 9: eel is indicated by the change in profile from one curve to the next. = 


“were tested, only the Tesults of the third and fourth _ (models E and F) will a ; 


- The first profile in Fig. 6 shows a considerable change in section as a result 
of filling the reservoir to its high-w: ater elevation (1.82 ft). ‘The a1 crest i 
a distance equal to 0.2% of the height of the model and moved downstream | 

approximately 2. 5% of the height of the model. Thereafter, little change 
occurred until an acceleration of 0.4 g ' was reached. «At that stage the crest 
settled noticeably and rounded off, the upstream face moved downstream, and — 

a the downstream face > bulged. At — accelerations these movements con- __ 
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¢ ne In ‘the upstream face tl the principal changes i in section occurred i in the upper | 
half of the section, even at the higher accelerations. — From the midheight of 


the three-quarter height to the rounded crest, the slope remained constant, 


; 4 the section to the three-quarter height, the slope flattened considerably. _ From 


this section of the face shifted downstream. 


a ‘tion of 0.4 g, the slope of the upper half of the section flattened slightly. — At an 
_ acceleration of 1.1 g, the slope « of the the upper half became even flatter, and samedi 
slope near the base became steeper. 
_. Model F was identical to model E but was tested at « different conditions of 
water load. model with the reservoir empty was tested hr after con- 
struction at accelerations as great as g and y was tested again with the 


reservoir 0.4 full. The average water content of the. core, determined immedi- 
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“- after the test, » Was 113%, an and the corresponding shear strength \ was 7. ae 
. Ib per sq ft. The accelerations and displacements are shown in Table 2, and 


= When the reservoir was empty and the > model was s subjected to acceleratio 
— to 0.36 g, the top half of the model settled without s appreciable change i in slopes, a 
. and the lower half of the upstream face bulged slightly. These movements indi- ae 
S&S that a slight slippage had occurred i ‘in the clay core. J A . stability analysis - 
(not including earthquake effects) indicated that the clay core and upstream - = 
rock were less stable when the reservoir was empty than when it was full. _ 4 , 
‘The critical depth of the reservoir producing the least stable condition oc- 
4 curred when the reservoir was filled to a depth of 0.80 ft, which had been _ 
analysis (not earthquake effects). A new series 
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~ a Ata an eee of 0.3 g, the crest settled ; an additional 0. 3% of the height — 
=a of the model, the upper half of the upstream face settled slightly, and the up- 


‘TABLE 2.—Rezsvutrs or Tests on Mopets E, Fj 


Taste Dis- 


Tor DisPLACEMENT, 


| Down- Up- 
stream | stream | stream | stream 


Mopgt Reservorr . Acz at Te 


I 0.08 


0.20 


0.08 
0.13 
0.24 


0.41 
0.54 0.30 
0.72 0.32 
0.84 0.50 | 0.36 
«2128 | «(0.33 | 0.53 


Sa 


> 


F-lb | 2 0. 0. .09 ; 0.024 | 0. 
0. 18 oe 0.022 | 0. 0.050 | 0. 

0.20 | ... | 0.030 


0.04 002° 0.02 | 0.007 | 0.007 
0.12 | 0.2 0.14 0% 0.017 
0.17 | 042 | 024 | 0. 0.027 
0.24 | 0. 0.35 | 0. 0.035 


0.002 
0.003 
0.007 | 


o 


Average of maximum second and third downstream acceleration and 
ag an indication of harmonic accelerations. * Sloping core; downstream slope of face, 1.40:1; upstream 


_ slope of face, 2.25:1. ° Center core; lower section of downstream and upstream slopes, 2.23:1, ‘and upper 


ome 


7 a face at this acceleration. At greater accelerations, the motions of the | 
face continued and indicated a slippage in the clay core. 
be Model with Center Clay Core.—Model G was built with a vertical clay core _ 
_ the center of the section, as shown in Fig. 2. The shape of the prototype was 
similar to that of Mud Mountain Dam, but the rock and clay that v were used in 


— 
Down-| Up- | ong | 3rd 
— 0.007 | 0.006 | 0.006 | 0.004 - 2.001 a 
— «Eb | 0.013 | 0.012 | 0.022 | 0.010 | 0.003 pee 
Eo | 3 | 0.26 | 0 0.020 | 0.018 | 0.055 | 0.020 | —0.050 
— 
0.05 |] ... see | 0.015 | 0.010 | 0.011 0.005 : 
a a 0.12 | 6.05 | 6.11 | 6.06 | 0.015 | 0.015 | 0.015 0.0000 ' 
0.23 | 0.08 | 0.18 | 0.12 | 0.022 | 0015 | ... 
| 0.36 | 0.11 0.30 | 0.21 | 0.030 | 0.020 
0.51 | 014 | 040 | 0.26 | 0.037 | 0.025 | ... 
a 
— 
7 
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Model G had an upstream slope and a downstream slope of 1.75:1 over the a 
‘ope 0.37 of its height, and — of 2. 25:1 over the lower 0.63 of its wi 


‘Sabo 


INITIAL_MOTION OF TABLE 


Feds 
nia 7. —Prorites oF Move. 


daa 
Fie. 8.—Prorites or Rock Daw 
i which by extrapolating from Fig. 3 indicated a shear strength of approximately a : 


a 5.0 lb per sq ft. Th he accelerations and displacements are given in Table 2, and rcs 


the pr profiles are shown in Fig. divide, 2 
_ _-During the filling of the reservoir, the top part of the ee face of the 
model | (the part with the 1.75:1 slope) shifted appreciably downstream. an 
acceleration of 0.05 9; 9, settlement occurred all along | the upstream, slopes—the 
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i | mark (1.83 ft), which a stability analysis had indicated as the critical condition.  -Saeelln a 
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was greater near the top. At this the crest 
y 4 round off and dip upstream. At accelerations as great as 0.26 g, these move- 
a, ments of the upstream face and the crest continued, and at an acceleration equal 

_ to 0.26 g, the top part of the downstream face bulged. At greater accelerations | 
- the settlement of the entire upstream face continued, and the bulging of the 
4 eeu face increased and progressed downward near the base, but the © 
4 largest changes in section were still in the top part of the model. At the great- 
est acceleration (0.95 g) that was imposed on this model, the upstream face — 
- settled until it approximated a a uniform slope that was flatter than the > original 
of 2.25:1 of the. er the Both of the dow — 


re Earthquake. —Before any conclusions can be drawn from the 
3 of these tests, the simulated earthquake to which the models w ere wab- 
_ jected must be compared with the motions to which the prototype might be 


subjected in an actual earthquake. . It is recognized that the two-phase a 


“ “monic motion to which the models were subjected differs greatly from the irregu- 
lar and erratic motions recorded in actual earthquakes. However, in thisin- 
vestigation it is not the motion itself but its effect on the structures that is | 


tape comparison of the effects of the dunleted 4 earthquake with an ‘actual c one 
: . made best by comparing the acceleration spectra of the two types of motion. 


_ The acceleration spectrum of 2 any giv ech ground motion may be defined as a ay 
_ graph of the ratio of the maximum acceleration developed by the ground motion - 
in a simple oscillator to the maximum ground acceleration, which is plotted as 4 

function of the natural period of vibration of ee oscillator. Therefore, the 7 
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aa... comparison the table accelerations were idealized, : as hown i in the inset 7 
of Fig. 9. The harmonic motion following the initial impact was assumed to 
“last only two cycles because damping in the structure tended to make the further 
“oscillations unimportant. ‘The acceleration sf spectrum of this motion is plotted 
in Fig. 9. Two separate spectral curves were plotted, one assuming that the a 
_ structure was undamped, and the second assuming 4 a viscous damping factor of _ 
of critical damping. For comparison two spectral curves? for the north- 
south component of the El Centro, Calif., earthquake of May 18, 1940, have 
been s smoothed out slightly and plotted on the same graphs. ” The time ‘scale be 
of the El Centro earthquake spectrum has been reduced to the model | scale i in 7 


_ The agreement b between the two o sets of curves is ‘surprisingly good. Com- a 
paring the undamped table “motion spectrum with the earthquake 


structures having periods between 0.03 sec and 0.07 sec (model scale). 


“Lateral Forees of Earthquakes and Wind,” by | the Joint Committes of the Sai San Francisco, co, Calif, 
a Bestion, a and the Structural Engrs. Assn. of Northern California, Transactions, ASCE, Vol. 117, a 
a 


| 
— 
— 
— 4 
= 
— 
= 
— 
— 
— 
—— 
— 
— 
| 
a 
— 
- 
— 
— 


er spectrum, which shows a continual decrease toward the longer periods. fe Bur 
comparison of the Spectral response curves for structures having 20% of 


critical damping is of. greater significance because the rock-fill dam has a great 
Ri capacity for internal damping. The curves are almost identical er 
the entire Tange of periods considered, leading to the conclusion bar the n maxi- 


. same as the maximum response that would be developed by an actual earth- 

te _ The effect of the lack of similitude in the shear modulus of the model ma le 
terial i is the spectral curves - The principal effect « of 


NS. COMPONENT OF EL CENTRO 

EARTHQUAKE OF MAY /8, /940 
COMPARED WITH TABLE MOTION. 

NOTE: THE PERIODS OF THE EL CENTRO 
EARTHQUAKE SPECTRA HAVE BEEN - ] 
REDUCED TO THE MODEL Tae ‘SCALE.- 
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_ this discrepancy ¥ was to reduce the natural igpios of f vibration of the models 


ya spectral response eatio would be only 0.80 if the model had the correct rigidity, age 
: = the more rigid prs that was actually used had the effect of i f increasing t this 


forces developed i in model 
Dynamic Response of the M response of the to to the simu 


& of the dam relative to the base. _ These displacements, together with the records % 


"The upper curve Bint the total movement at the gage position near the top fs 
of the d dam, and the raeeeek curve shows the table motion or the movement of the 


frequency harmonic motion of the table, and, cons 
— 
2 — 
 @ 
Pra chow that tha — 


is shown in diagrams between the two curves. 


we i ‘The curves and diagrams in Fig. 10 show that the base of the dam morek 


0. 02 sec to 0.03 sec, the top of the dam moved over beyond the base. In the 
following cycle or two the top quickly came into phase with the base. - During 
the ensuing harmonic motion the whole model moved as a unit. Petok Vdeesa ve 
ae shia In general, as a result of distortions within the dam, the top moved farther 
than the base during harmonic oscillation and, therefore, was subjected 
a greater accelerations. This ‘amplification was from 25% to 35% in the tests 
4 _ that were recorded. However, it had little significance because the maximum 
‘monic motion. The initial shock was felt more strongly at the amen than n at rane 


TOP DISPLACEMENT, 
UPSTREAM DOWNSTREAM 


top—the flexibility of the as a shock absorber—which p 


the transmission of the maximum accelerations dizectly to 


The following conclusions ‘regarding the results of this seem 


aes ieee vorhg thes The strength of the model was designed i in proper scale to the prototype 5 


was a ‘approximately ‘equivalent toa » earthquake. . Therefor 

‘it may be concluded that the results observed in the model can be extrapolated 
to the prototype. he 
alent to the effect of an actual earthquake (having the same maximum accelera- 


downstream, leaving the top almost stationary. Then, after a time lag offrom 


. 
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q 
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Changes oF section) on the models until the progressively increasing accelera- 


that have been recorded 


3. ‘When the of the test earthquakes were to ‘more 
- than 1 g, the models suffered only minor changes of shape, indicating that with 
_ the strongest conceivable earthquakes the prototype structures" would show 
damage only in the attached rigid structures and appurtenances. I It is un- 
‘likely that settlements large enough t to. cause | ov overtopping of the structure would to 
a 4. ~The high degree of moment resistance e xhibited by me models may be 


dynamic loading, and, therefore, the capacity to resist earthquake forces 
_ greater than the capacity to resist static forces; and (b) the rock-fill dam is a 7 
naturally flexible atrnchuse on and can undergo large distortions wi without appreci- — 

Ser In connection with the latter point, it may be noted that the customary ae 


method of designing structures to resist earthquakes is not applicable to rock- © 
‘fill dams. _ The usual method of taking account of earthquake effects in design —_ 
is to assume a reasonable value for the maximum ground accelerations, ap- 
- proximately 0.1 g, and then to apply a static horizontal force to the structure 
equal to the mass of the structure multiplied by the acceleration. — The equiva-— -_ 
lent static force | approximates the inertia forces to which the structure would _ 
_ be subjected if it were completely rigid. However, in a rock-fill dam this force a 
: has no significance because if it should exceed the shearing resistance of the dam i 
_ the only effect would be to initiate shearing displacements. Before much dis- 
placement could occur, the direction of the ground ‘acceleration w would be 1 re 


= as the ground oscillated back, and the shearing displacements would “ 


“placements + would not be important. - The action would be similar. to the re- | 
_ Sponse of a deck of playing cards to a small horizontal oscillation of the table on 
i which it tlay. Provided that the displacement of the base was only a small per- 4 
centage of the e width of the deck, no harm would result. As previously : stated, 
- _ settlements and cracking of the attached rigid structures would occur, but — 
5. These conclusions aj apply to both types of rock-fill dunes with impervious | 7 
i 3 cores. However, the results of the investigation indicate that the sloping-core _ 7 
a : type is somewhat more earthquake resistant than the center-core type because — 
sits structure is more closely bound together. In the center-core dam | the 
Vertical ¢ core breaks the continuity. between the upstream an and downstream 
Py segments of the rock fill and constitutes a zone of weakness, whereas the entire — 
b structure of the sloping-core dam acts as a unit. Either type of dam can be 
# : i “Investigation of the Effect of Transient Loading on the Strength and Deformation Characteristics 
of Saturated Sands, B. Seed and R. 
A.8.T.M., Chicago, lh, June 16, 1964, 


Lundgren, paper ues at the Annual Meeting of the 


Pe 
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tions exceeded 0.4 g. 4 
reliable strong-moti ia 
than 0.4 g. Therefore, 1t can be concluded that rock-fill dams similar to the 
models that were tested would not be damaged seriously by earthquakes of the 
tm 
— 

— 
— 
= 
| 
— 
i 
il: 
il 
— 
\ 
— 
4 
J 
Ai, 
— 
| 
— 
— 
; 
— 


ROCK-FILL DAMS: =! 


betray ph ASCE, gave much valuable advice ‘and assistance. ‘The avetign 


with the writers on all phases of the | 
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810 ce to earthq of the settle 

— was sponsored by | 
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N. Ampraseys," J. M. ASCE.—The authors’ exposition of a difi- 
cult and almost neglected subject i is extremely valuable. Howey yever, the writer. 
_ Delieves that the deductions as to the behavior of soils during seismic ai 
# + The paper states (under the heading, “Conclusions”) that “the materials — - 
of which the dam is constructed, both clay and granular, show increased — ; 
strength when subjected to dynamic loading * * *.” 
foregoing statement implies two conditions—first, that the simu lated 
earthquake vibrations were equivalent to the transient loading tests sential 
ited, +10 and secondly, that the behavior of ‘soils during seismic vibrations — 
- eovaittie fa in nature is also equivalent to that of samples that were tested in 


" Based on existing | seidinien, 12,1,14,15,18 it seems justified to assume that there 
~ is an increase in the sweagth of soils that are. subjected to dynamic loading. 
‘The writer did not understand the authors’ reasoning in connecting rt 
effects 1 with dynamic effects on the strength of soils. The writer believes that 
results obtained from dynamic loadings have been used unjustifiably for de- 
termining the strength that might be expected in soils subjected to seismic — 


Some of the to structures by the chan ge of the stress s dis- 


ter 


| 


na of the ‘soil Jesmeenee (which i is ‘inconsistent with the effect of panied 
loading on n soils), and this decrease sae the condition when a ‘Mass ¢ of 


i It has been that earth dams of approximately sec- 
tion and, to a certain extent, rock-fill dams subjected to horizontal vibrations 


= 


, ape " Researcher, Imperial College of Science and Technology, London, ‘England; formerly Teaching 


__ 18"The Behavior of Soils Under Dynamic Loadings,” Contract DA-49-129-ENG-227, Massachusetts 
Inst. of Technology, Cambridge, Mass., August, 1954. 


__ 18 “Investigation of the Effect of Transient Loading on the Strength and Deformation Characteristics _ 
Sands,” by H. Seed and R. Lundgren, Proceedings, A'S.T.M., Vol. 54,1954. 
“Characteristics of Cohesionless Soils Affecting the Stability of and Earth Fills,” by A. Casa- 
erande, Contributions to Soil Mechanics, Boston Soc. of Civ. Engrs., Vol. 2, 1940, p.257, 


_ 18 “Research on Stress-Deformation and Strength Characteristics of Soils and Soft Rocks Under 
Transient Loading,” by A. Casagrande and W. Shannon, Soil Heshantes, Series No. 31, Harvard Univ., 


4 _ 16 “Strength of Soils Under Dynamic Loads,” by A. Casagrande and W. Shannon, i in “Panama ( Canal— 


e Sea-Level Project: A Symposium,” Transactions, ASCE, Vol. 114, 1949. 

17“‘The Behaviour of Soils During Vibrations,” by T. Mogami, Proceedings, 3 3d 

on Soil Mechanics, Ziirich, Vol. 1, 1953, pp. 152-155. 

18“The Properties of Soils,” by T. Mogami, tet Inst. of Science, Univ. . of Tokyo, 

Properties of Soils,” by T. Mogami, 2d Report, Inst. of Science, Univ. of 

2 “Experiments with a Shaking Machine,” by F. Bulletin, Soe. of America, Vol. 

“Motion of a Soil Subjected to a Simple Vibration,” by L. Jacobsen, ibid., 


5. “Fundamental Considerations on the Earthquake Resistant Properties of Earth 
-Hatanaka, Bulletin ‘Ne. Disaster Prevention Research Inst., , Kyoto, | 1955 
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AMBRASEYS ON ROCK-FILL DAMS 


‘suffer from: shear. By neglecting the vertical] seismic component, thes sit 
appears to bear no relation to a single-half phase of transient loading. 


the horizontal component and the additional vertical of f the earth- 
force, a as do the shearing stresses that are related to the compression. 
The bearing capacity of a soil depends on its shearing resistance, which, in 
turn, is controlled by the internal friction, the cohesion n of the particles, and 
pore water pressures. During an earthavake. the shearing strength 
oe normally consolidated soils is probably partly or even wholly destroyed by the 
> —@ combined effects of thixotropic and remolding losses. In addition, an increase 


Pore pressure, which results from the. rearrangement of the particles: of a 


— _ During the first disturbance the behavior of a soil is similar to that occur-_ 
ring in rapid shearing, but usually the shear stress does not exceed the rl 
of the nanagneal ne to the ae rate of strain and drainage condi- 


“consequent. increase ‘the f the material. The 


3 —SumMaRY OF Test Resutts ror Expermments F, AND 


Change, in percentage -8 6 a 


Approximate consolidating pressure, in pounds per log 


follows and the motion is reversed. In the case of saturated soils the rear- oa | 


_ rangement of the grains of the soil affects the interlocking ratio as well as the 


void ratio during this phase, with a consequent increase of the pore pressures, 
which, with local remolding phenomena, decreases the strength that was de- - 


_ veloped at the end of the first phase. After sufficient cycles, a considerable 4 


"The foregoing hypothesis can be checked by analyzing the observed varia- 
tion of the strength of the core material during and 


dating pressures for the core material were greater than Farther. 


- more, consolidation pressures for model F were greater than those for model E 7 sy 


_ because of the difference in the unit weight of the overlying granular burden 
_ due to uplift. _ Model F gave a3 33% net increase in strength after shaking (in 
crease in strength due to 3-hr consolidation minus a decrease due to vibration). 
_A corresponding value for model E was 24%, and in the case of model G ag 
there 1 was a decrease in net strength of 14% (with the vibration effects pre- 
dominating). A summary of the results i is shown i in Toble 3, 
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on ROCK-FILL DAMS 


z,. a vibration for accelerations of as much as 1 , 9; which results in the following ‘ 
conditions after consolidation but before shaking: tes tte 
Approximate consolidation Pressure, in in 
pounds per square foo 


‘Shear strength, in pounds 


data could be checked if there were records of observations 
& the consolidation characteristics of the . material used. By using such rec~ 
-_ords the mean value of the reduction of shear strength could be determined — 


‘The writer pea res that the high degree of 4 resistance exhibited _ 
: _ by the models can be attributed to the fact that rock-fill dams are capable of © 
withstanding large distortions without appreciable damage, especially when 
founded on firm ground, The increase in strength exhibited by the cores of . 
7 models E and F is attributed mainly to the consolidation and thixotropic — 
effects that occurred during the 2-hr-to-3-hr period of f loading of t the cores by lll 
the overlying material. are “liswever, Users 
— The writer believes that the foundation is a more important factor govern- 
ing the stability of an earth-fill dam ora rock-fill dam. These types. of dams 
can frequently constructed on comparatively weak "ground, In such a 
situation two phenomena would occur in the foundation, namely settlement 
7 and the creation of discontinuities within the foundation owing to the 2 large 
stresses. foregoing result in failure of the | slopes because of the decrease 
of the bearing capacity of the foundation. j= 
The hydrodynamic pressures on the model during the si simulated earthquake 
although small, were 40% less than the pressures corresponding to 
an infinitely long reservoir, or even to a reservoir whose length is three times co 


ay! “of 


_Joun V. A. M. ASCE paper describes an 
7 - model warty and it is concluded that the sloping-core model that was tested 
Was equally stable or more stable than ‘the central-core model. However, 


siz, 


te writer objects to some of the other conclusions. ite? PS 


_ The statement is made (under the heading, “Design of the Models: Simili- S 7 
. : tude Requirements”) that “the strength of the materials i is assumed to depend P 
4 


on two factors—the angle of internal friction and the cohesion.” This state-_ 


ent entirely neglects the internal stresses (compressive, tensile, and shear) 


~ in the rock-fill material. How these stresses affect the problem will be discussed a 


as a roel fill dam many of the stones have point t bearing on ‘adjacent stones. 
If readjustments or increased loadings occur as a result of settlement, earth- — _ 
—* “On the Bearing Capacity of Soils During Earthquakes,” by S. Okamoto, Univ. of Tokyo Japan, — - a < 


Superv. Engr., State Dept. of Water Loa Angeles, Cale) 
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‘CLOUGH-PIRTZ ON ROCK-FILL DAMS 
quake movement, ane load, or other causes, there is usually some crushing 
and shearing at these points of bearing. " _ This would contribute to the over-all 
oe In the model tests it is believed that the crushing strength of the model 
‘material representing the rock fill should have had the scale ratio of = 


ar te Yn 


if ‘the 1 rock in the prototype dam had a crushing strength 
of 10,000 Ib per sq in., the ‘strength of the model material should have been : 
Ib per 8q in. It is | believed that the effect would have been to increase 

rock- material in the model were re damp, it would have a slight 
cohesion. In the model this might be an appreciable proportion of the total - 

ra shear strength, whereas in the prototype dam it would be negligible compared — 

The settlement is the principal criterion noted in the testing, and the ' w riter a d 


% "questions whether there is sufficient similitude to extrapolate the results to 


W. anp Davin Prrrz,% ASSOCIATE Mempers, ASCE. —The e 
writers appreciate the interest exhibited i in the discussions and wish to amplify 
- paper with respect to the material presented by the discussers. 


Mr. Spielman has recognized correctly the lack of similitude in 
- with respect to the crushing strength of the rock - Ideally, the ratio of model * 
: tock ‘strength to prototype rock strength should have been the same as the § 


- ratio of the moduli of rigidity and the ratio of the shear r strengths. To achieve 
this would have required a crushing strength in bsg model rock equal to from = 
_ approximately 50 Ib per sq in. to 100 Ib per sq in. (as stated by Mr. . Spielman). 


‘The writers were s aware e of the discrepancy at the time the model y was s designed, 4 


_ being studied. It is true that local crushing of the rock could have had a a 
Bet effect on the settlement of the rock s structure, but, contrary to Mr. 
-Spielman’s statement, the magnitude of settlement was not the principal fac- : 
é tor investigated. — _ The primary objective was to learn whether the structure 

- would exhibit tendencies toward shear failure through the clay core; local 

crushing would have had little effect on the shear failure. The actual magni- — 

A tude of settlement would depend on many factors that are more important : 
than local crushing, such as the intensity and duration of the earthquake as 
well as the degree of compaction of the rock obtained during its original plac- 
ing. he Consequently, only the relative -Magnitudes of settlement that were ob- 
with different models have any ‘significance in the tests, and the lack 


of similitude with respect to crushing strength would have had no effect on the i, 


Associate Prof. of Civ. Eng., Univ. of California, Berkeley, Calif. wl 
Associate ‘Prof. of Ci Civ. Eng. Univ. of Berkeley, Calif. 
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— GH-PIRTZ ON ROCK-FILL 
In answer i ) Mr. Spielman’ s question concerning the cohesion in the wet rock a 
ipso due to surface-tension effects, it is believed that the magnitude of the 
cohesive forces is completely negligible for the size of rock particles that were 
used i in the investigation (between in. and No. 30sieve), 
t _ Mr. Ambraseys introduced several interesting ideas with regard to the ac-_ 


ti tion of the model materials during an earthquake. The: principal contention 


_ namic tests would not be developed during earthquakes because of the dite. 
nating nature of the earthquake motion as compared with the one-directional 
ee tests. Mr. Ambraseys referred to observed a damage as 


in 


7 must be r recognized that the structure that is being considered does ‘not connist 
of natural soils but of carefully placed rock with a highly compacted clay core. . 

7 For this reason observations of damage due to the failure of natural soils dur- 
ing earthquakes would appear to have little bearing on on the 2 expected response — 

of a rock-fill dam. Similarly, the results of laboratory tests on sandy soils — 
that are subjected to vertical vibrations”’ do not get to be pertinent t to the 


ag With regard to the rock structure of both _ aid and the prototype, it = 


is likely that the dynamic-strength increases are small. However, there . 
little reason to expect ‘differences between one-directional-load effects and 
_alternating-load effects in the material because pore pressures, thixotropy, 
_ and remolding effects are not involved. With reference to the model clay — 
core, the increase e of dynamic strength as as compared with the static ¢ strength - 
_ (which was measured in the one-directional tests) should apply equally as well _ 
to alternating loadings, because for this supersaturated, semifluid kaolin an 
ture: there should be no difference in -pore-pressure effects, and 1 remolding or 
- thixotropic effects are neglible. * The analysis presented by Mr. —— 


sumption that the water content of all samples ae wane 
‘42 Actually, as was stated in the paper, the initial water content was made —— 7 
: than 125% in all cases in an effort to provide the desired shear 1 strength at the | 7 


time of the test. The shear strength would increase with time because of 
a “a The situation is different with respect to the prototype clay « core because pr 
: it is believed that eomenrnede effects might be present to some degree, depend- a 
ing on the material involved. However, the writers are not aware of a: any evi- 
dence that remolding losses will be significant in compacted clays, nor is 
“likely ‘that earthquake distortions could cause any significant pore pressures 
in the carefully’ compacted material. Thus, the loss in strength that might 


a 3 be expected i in alternating 1g loadings would be due only to thixotropy, a and sama 


“The Behaviour of Soils During Vibrations, ” by T. Mogami, 3d 


ence on Soil Mechanics and Foundation Eng., Zarich, Vol. 1, 1953, pp. 152-155. 


8 “"Thixotropic Characteristice of Compacted Clays,” by H. B. Seed and C. K. Chan, Proceedings — 
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tional tests) would probably more than offset the thixotropic 


was exhibited by the cores of models E and F, as sebuapated: with the intended 
value, is due to consolidation. It was not intended to imply that the increases 
were a result of dynamic effects. The increase in strength represents a lack 
of similitude in the model which was — unintentional but unavoidable. a q 


“2 models were designed to evaluate the stability of a particular struc- 
= that happened to be found on solid rock and, consequently, the i 


_ were constructed on a solid base. Therefore, it is apparent that the observed 
results may be applied to other foundation conditions only with caution. dei 
ee With ‘regard to the length of the reservoir behind the dam, the tests were “i 
conducted so that the initial impact caused the dam to move away from the © 4 
‘reservoir. The tests were deliberately designed in this fashion because the __ 
principal objective of the study was to observe tendencies toward slip 


_ in the clay core, and these tendencies were accentuated by downstream accel- 
erations. 2 Therefore, the length of the | reservoir would have little effect on 
th failures in the clay core, and the lack of similitude in this respect was con- 
sidered unimportant (although it is granted that downstream settlement a a 
effects might have been more pronounced if if the reservoir had been 
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shore disappeared when a sea wall was com npleted in 1928, This was followed 


AMERICAN ‘SOCIETY CIVIL ENGINEERS 


COPIER! A M. ASCE 


Synopsis 

natural beach that e ‘existed along th the Harrison Coutity (Mississippi) 
rq by the loss of backfill through the joints and drains in the sea wall and later by 7 
some damage to the wall during : a hurricane i in 1947. - Studies indicated that — am 
an artificial beach would provide needed protection to wall and would 


‘The shore line under consideration extends from St. Louis Bay to Biloxi 


i Bay, which is a di stance of approximately 27 miles, and lies entirely within — 
7 Harrison County, | Mississippi (Fig. natural beach, which existed origi- 
nally along this shore, depended on the erosion of the bluff at its landward 4 | 


limit for natural supply of sand. The e construction of a bulkhead or sea 
_ wall to protect the bluff could therefore | be expected to result. ‘eventually i in the 


0) serous wall aud af prolong life she 


want Consrauction ov THE SEA WALL ive 
In 1 


l5a highly destructive hurricane destroyed more than half of U. 8. 90 eS 

4 between Pass Christian and Biloxi and caused about $13,000,000 worth of dam- 

y age to beach-front property in Mississippi and Louisiana. Mississippi dn , 
passed a law appointing a commission to study the subject and authorizing — a 
the coastal counties to issue bonds for the construction of sea walls. _ During the \ A ‘ 
“period from 1925 to 1928, Harrison County constructed approximately twenty- _ 
four miles of sea wall at a cost of $3,400,000. This wall extended from Hender- — : 

‘son Point to the Biloxi lighthouse. It consisted of an inclined concrete slab = 
supported on piling, and a series of steps formed its upper surface. The top g 
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‘aper 1060. Positions and titles given are those in effect when the 2 

Engr., Mobile Dist., Core of Engrs., U. 8. Dept. of the Army, Mobile, Ala. 


81 ARTIFICIAL BEACH 
elevation varied from 8 ft to il ft above mean sea level, the height being gov- _ 
= erned by the elevation of the back-shore area. _ The slab was s supported at its 
3 toe by a continuous concrete sheet-pile ao tg wall and at the rear by square 
bearing piles. Storm ‘m drainage was provided through the wall by 
concrete pipes, which w ere encased in concrete collars on the seaw vard side of 


- 
. j The beach in front of the e sea wall disappeared a short time after the wall *s 
was constructed, and much of the sand Was lost | defective 


HARRISON COUNTY 


Li 


-concrete ron 


‘Henderson Point 


Scaleinmiles auth of dei 


‘1G. 1.—HARRISON Cov nTy (Miussissrpp1) Beacu 


4 joints and drains in the wall. The sidewalk then settled and disintegrated, - 

and the adjoining highws ay as threatened. low 


oe In March, 1942, the Harrison County Board of Sebiaisteiie made a formal — 


: application to the Corps of Engineers (United States Department of the Army) 
for a cooperative study to determine the best | method f for repairing and a 
tecting the existing sea wall 2 against further damage, ‘and to furnish plans for — 

establishing and protecting a beach along the shore line. 

_ After making a study of the problem, the Chief of Engineers, acting on the — 

of the Beach Erosion Board, recommended the immediate 
initiation of a program of sea-wall repair and beach construction at an esti- — 
7 a mated cost of $620,000, and the institution of an adequate program of periodic 
inspection and maintenance of both the beach and the sea wall. — ‘It was f urther | 

recommended that: no share of the expense of the improvement be borne the the 
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A f federal in the construction of works for the improve- 
_ and protection of publicly owned shores against erosion by waves and 
currents was set forth in 1946.2 Following the enactment of this law, Harrison y 
oe initiated a second cooperative study to supplement the first and to nd 
mm Before this second study cot could be completed, the hurricane of September, ' 
1947, occurred. This hurricane moved inland over the Mississippi River delta eee 
ina northwesterly direction and passed through New Orleans (La. ). The 
‘ion County shore was in the right half of the hurricane and was exposed ee 
to winds with velocities as high as 100 miles per hr. The wind came generally 
from an easterly quadrant and drove the water before it into Mississippi 
Sound and the 1 neighboring bodies of water. _ The result was the creation of a 
storm tide that increased in height progressively from east to west and reached a 
a maximum known stage of El. 15.2at Bay St.Louis. 
Now observations are available with respect to the height of waves in the — 
- sound during the hurricane. _ However, formulas for the height of waves in 
bse bodies of water, developed from observations made in Lake Okeechobee _ 


was inundated. The waves passed over th the wall to attack the highway a 
those buildings that were not on high gi ‘ground. _ More than nine hundred 
buildings were destroyed, and more than eight thousand five hundred were _ 


‘s 


Most of the fill behind the se sea wall was lost, but the wall itself failed at only 3 
afew points. Failure, where it did occur, was caused by hydrostatic pressure, » 
which lifted the stepped slab from its supporting od T 
The second cooperative study, completed in 1948, took into account the 


changes caused by the 1947 hurricane and went into greater detail than the 
‘first study, particularly with respect to repairs: to the drainage system. This 
study, a as did the previous one, indicated that a hydraulic fill placed seaward | 
of the sea wall, if properly maintained, would be the most suitable method of on 
_ stopping the leakage of sand through the wall and of prolonging the life of the a 
wall. In addition, such a beach would provide a recreational facility for the 
public. In conformance with the policy set forth in the new law, the Chief of y 
r Engineers, again acting on the recommendations ¢ of the Beach Erosion Board, — a 
recommended federal participation to the extent of $1,133,000 toward the re- — 


pair of of the sea wall and its protection by the construction of a beach. ‘This — 


sum was one- third of the original “cost of the wall, which was. $3, 400,000. 

The amount of federal aid was based on the sea-wall proviso* of Public Law 

** that a political subdivision has heretofore erected a seawall — 
to prevent erosion, by waves and currents, to a public highway considered _ 

_ by the Chief of Engineers sufficiently important to justify protection, © 

a Fee "Federal leral contribution toward the repair of such wall and the protection © 
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ARTIFICIAL BEACH 


"thereof by the building of an artificial beach i is authorized to 

onesthirdo of the original cost of such wall * * 

‘The plan in the studies was adopted in the 
1948 River and Harbor Act.* This plan included repairing the stepped con- — 

crete slab by the pressure concrete or “gunite” method, , replacing backfill, 
 -pumping the hydraulic fill for the beach, and reconstructing the drainage 8) sys- 
tem. The total volume of sand required for the beach was 5,985,000 cu yd. 
a The drainage plan included a collecting sewer back of the sea wall, discharging — 
= relatively few laterals across the beach. All drainage lines were de-_ 


signed to minimize differential settlement and to assure tight joints in order : 


to prevent the infiltration of sand. Sewer pipes laid across the beach were 
_ anchored at their seaward ends by creosoted timber piling structures. At the 
_ larger outfalls the plan specified that drainage be carried across the beach be- 
tween two parallel rows of interlocking concrete sheet piles. 
envan CONSTRUCTION OF THE ‘Beach ted 
Before the dredging operation was begun, the county built three long groins _ 
of broken concrete. These groins, together with the Gulfport and Pass Chris- — 
_ tian harbor peninsulas and a few previously existing concrete groins at the — 
= lighthouse, divide the beach into five separate compartments. The | 
most important groin i is at Henderson wird which confines the beach at its ; 
_ The dredging operation was performed by two hy draulic dredges working | te 
each other, one beginning at Henderson Point and the other at the 


a ~ Biloxi lighthouse. Work was commenced early in January, 1951, and com- 


pleted December of that year, 
ee | ‘The sa sand was obtained from borrow pits that were at least 1, 500 ft from 
_ the sea wall and from either side of the Gulfport harbor. First, a ridge about 
- 000 ft long was constructed at a distance of 300 ft from the sea wall. — - 
intervening space between the ridge and the wall was then filled with a volume 
that was than that required to bring the beach to 


4 000 ft. nr was found saliediabatiter that the retaining dike in beach con- 
=, struction was “unnecessary. h Actually, the dike prevented the runoff of the un-— 
a In order to provide continuous drainage from the land side of the sea wall, 
_ depressions were left across the beach at the outfalls, the placing of which. - 


2 followed the hydraulic fill as closely as possible. The flow line of the discharaa. 
Bis end of the pipes was established at El. — 0.5 pe distances from the sea W all 7 


- varying from 248 ft for the 42-in. pipes to 300 ft for the 18-in. pipes. The 
e* upper half of the outer end of the pipes was left exposed, but most of the re- 
mainder of the pipes were entirely covered withsand. = 
oa _ Thes specified beach cross section included a 50-ft level crown at EL. 5 ad 7 


jacent to: the sea wall and a seaward slope of 1 on 50 down | to natural ground 1 


Public Law 858, Cong., 2d Session, Chapter 771. 
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ARTIFICIAL BEACH 


‘Every 


- oe limits, but, because the underwater pay assumed by the sand was = a 
Zz steeper than | that specified, it was necessary to overpump the outer slope and 
later to dress the excess material landward with bulldozers. Present 


| vation, and to allow the slope. seaward of the berm to assume its natural slope 
_ As soon as the beach was in place, it was observed that the waves produced — ie! 
a © weak littoral drift toward the west. That the drift was westward could be eee 
inferred from the accumulation of sand on the east side of the groins and out- 
falls, and from the erosion that appeared on the west of these structures. — 
Sand has escaped around the outer end of the Henderson Point groin and , ia 
formed a small pocket beach on the west side of it. 
| A ridge or berm with a crest at El. 3 was formed. This change in the __ 
shape of the beach left. many outfall lines protruding into the water. 
also left pools of water impounded landward of the ridge. In order to eliminate — 7 
Bes pools and to obtain a more uniform beach slope, the sand was regraded _ 
with bulldozers toa new cross section consisting of a 1-on-100 slope extending — 
from the sea wall to the ridge crest ‘and a 1-on-10 slope from the crest to the 
_ low-water line. Seaward of this line the sand assumed a rather flat natural slope. _ 
| In In some cases the erosion on the west, side of the pipes was severe enough 7 
to be objectionable. | The county engineers developed a type. of spur groin ( 
that is proving in remedying this situation. These spur groins are 
_ built of broken concrete and extend westward from the outer en end of the pipes" ; 
and parallel to the sea wall. ‘They are 50 ft long and are placed tothesame 
a elevations as the top of the pipes. The spur groins function by < gis ta = 4 
the waves and thereby reducing the attack on the beach behind them. A oy 
a ‘The ‘outfall pipes and flumes tend to fill with sand at their anes ends. 
__--However, in most cases the storm waters flowing through the pipes are capable ie 
of flushing out the sand. This i is not true of the flumes, and these must be | 
cleaned out from time to time. _ The large o outfall Gume.at | the in eterans Hos- | 
‘pital at has “on a problem. Extending the east wall 


has partly ied the ene ; “The results have been good, but it is believed. 
. that the groin should be extended somewhat farther and raised to a height of » 


approximately 3 ft. A spur groin has been constructed | at the outer end end of the the — es 
west wall to reduce erosion west of the flume. " pa aes 


The observed slope adjustments, the effect of the on the outfalls, 
: PS other experiences with the finished beach were used as a guide when the 7 
county extended the beach eastward along the waterfront in Biloxi. This ex- :. 
_ tension, which was completed in 1954, was designed for El. 5 at the sea wall, a 
 1-on-100 slope for 220 ft toa crest at El. 2. 8, and then a slope of 1 on 10 to the | 
natural floor in the sound. The beach was successfully without using 


a retaining dike at the seaw ard edge of the beach, and the use of such osca in 


_ preciable slope adjustment due to the action of the tides and waves me ‘been 
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“3 comparison of surveys made over a long period « of time is the only ides 
rate method of determining the rate at which sand is lost from abeach, An © 
accurate estimate of this rate for the Harrison County Beach cannot be given 7 
at yet (1958). In an attempt to determine the changes that had occurred be- — 2) 
_ tween 1951 and 1953, groups of five cross sections each were taken at 1- mile 
intervals. They were located as not | to groin effects of the 


ee to make allowance in the computations for the sand that was a removed from 7 
the beach to backfill the sea walls. It was finally estimated that the annual 


7 _ As constructed 
December, 1951 


Typical 18-in -in. outfall July, 1954 


= 


5 
Original ground surface wi 


a 


| igen 

5 Fro. Secrions or Beach Near | (Mrss.) 

‘ie from the beach extending from Henderson Point to the Biloxi lighthouse | 
32,500 cu yd the period from to 1953. <i 


work includes ‘the beach ; filling low removing wind blown 
sand from the sea wall and the adjacent roadway ; removing grass, debris, and — 
trash from ti the beach ; cleaning outfall pipes and flumes; and constructing © 


broken-concrete groins as needed at the seaward ends of these pipes and flumes. 
The equipment used includes six trucks, eight bulldozers, two seaman mixers, 

one small ‘dragline, a and one sanitizer. The mixers are used to remove grass 


* and other vegetation from the beach by completely uprooting it and leavi ing it 
of the Harrison County, Sloping by Arthur MacArthur, Shore and 
Washington, D. C. , Vol. 24, ‘No. 1, 1956. 
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ARTIFICIAL BEACH - 
‘the ‘beach 4 to be dried by the sun. Debris. left by the tide is gathered by 
hand and burned. The sanitizer is a tractor-drawn machine that picks up the 
— sand toa depth of approximately 4 in. . and removes all sharp- edged shells, 
broken “glass, and other objects that would otherwise be a menace to the 
; of the beach. The cost of maintaining the beach averages approximately 
= 000 ‘per month, according to the engineers er employed by the | 1 county. No 


Po fill, and no major repairs to the he drainage system or to the sea wall ha 


ve 


‘The artificial beach the Harrison County wall has 
e. tive in preventing the escape of backfill. Too short a time has elapsed since i 
its completion to determine its resistance to erosion, particularly in view of the _ 
= fact that no hurricane or severe e tropical disturbance, with accompanying high 
tide and severe wave action, has ae attacked the project area. _ Observa- 


The beach is used extensively as a facility. Although no ac- 
- count has been taken of the daily visitors to the beach, its extensive use a ; 
has been noted by county officials an nd by representatives of the Corps of Engi- a 
neers. There has also been a considerable expansion it in hotels, tourist cottages, ‘ a! 


The writer wishes to express his appreciation to Mr. MacArthur and to a 
_ J. K. Muether for r furnishing much of the data presented | herein. Heol storm 
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Discussion By Messrs. James CHINN, AND Mark W. 


The 1 results of a wally of dhotiiiti ina cast-aluminum model of a flat-slab 


- floor ‘are summarized. All panels that were used in the study were square. 
The columns and capitals were round, and there were no drop panels. _ The 


ane 


teow unl 


Moments obtained from | SR-4 strain-gage readings are ong with those 


Iwrropuction 


Frame analysis of a flat-slab floor. to the American ‘Conerete 


bre’ 


_ = (ACT) code (ACI-318-51),? has been widely adopted because of its 


simplicity and flexibility. By the recommended ae flat slabs are ana- 


eee a number of bents, each consisting of a row of columns and strips 


of supported slab, each strip bounded laterally by the center line of the 
panel on either side of the row of columns. . The bents shall be taken longi-— 


7 j pattern- type live load. The critical sections for negative moment may be as- 
a. sumed to be not more than a distance equal to X L from the column center lines, 


ex Nore.—Published, essentially as printed here, in July, 1956, in the Journal of the Structural Division , 
as Proceedings Pa 102 0. Positions and titles given are those in effect when the paper or discussion was 


Associate Prof. of Civ. Eng., Univ. of Toronto, Toronto, Ontario, Canada. ving it 
2 Asst. Bridge Design Engr. .» Dept. of Highways, Toronto, Ontario, Canada. 
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Ba 


in which ere iid the radius of the column c capital a and L denotes the span 
length o of the Slab center to center of the ‘columns in in | the direction 
bending i is considered. flan att ba 
_ Finally, the moments are allotted to column strips and middle strips i in the 
ratio as in design by the ACI moment coefficients. 
Py At various times, the reliability of this procedure has been questioned. The 
results of an experimental investigation of a single-story, cast-aluminum flat-— 
slab model (Fig. 1) are compared herein with moments that were found by the — 
These results indicate that the positive moments should be increased and : 


that the critical negative moments could be reduced slightly. However, it 


Fie. 1.— MopeL sot ad bison 4% 


“The n model (Fig. 1) w as made in two | parts—a top plate with columns and 
4 bottom plate. The upper part was made of cast aluminum and was intended 7 
to have a slab thickness of 4 in., but due to faulty casting it became necessary 7 
to machine it to ¢ in. in order to obtain satisfactory surfaces for the ‘application - o 
of the SR-4 strain gages. The bottom plate was made of rolled aluminum. _ 
The connections between the columns and the bottom plate were made by 
was chosen as the model material because 
Iti 18 s easily cast and is light. beech vod grilien 
@ 2. It is nearly homogeneous, isotropic, and perfectly elastic. — Yo fudaiznon 
has a low value of Young’s modulus of elasticity, which 
‘greater strains under small Joads and, as a consequence, permits the use of © 
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LoaDING System doule o 


a Al hinds were applied by pneumatic pressure using the loading f frame shown 
¢ iin Fig. 2 and the pressure cell shown in Fig. 3. _ The frame was made of struc- 
- tural-steel angles and plates. The pressure, which was applied by an auto- 


mobile pump, was measured by a mercury manometer. The pressure cell - 


he 


an 


443 


7 loading box had the same dimensions as one panel of f the flat slab (17 i in. by 
17 in.). | Using this procedure, one panel could be loaded at a time, and strain 
a * readings pi be taken at all gage stations. By superimposing results that 
ss. were obtained for various combinations of loading, the strains and stresses” 
could be obtained for any desired loading pattern. 


7 


The lending box had tops and sides of galvanized iron, and the bottom po. 


et onsisted of a sheet of rubber, which was clamped by the galvanized iron nto 
form an aiztight unit. To reduce distortion the box was reinforced by tie rods, _ 


me With the loading box in place, the model was jacked up so that the top of _ 
a the box was in close contact with the top steel Plate of the oiate frame. Steel 
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a 

— q 
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ay 


shims were then placed under to the box in this 
and the jacks were removed. When air was pumped into the box the e pressure a 


> was transmitted to the model as a uniformly distributed 


Big 4. In order to reduce the labor involved in the gages also to 


OF PLATE (3- BAY DIRECTION) oF PLATE (2- 


a) UNDERSIDE OF PLATE (3-BAY DIRECTION) , _ UNDERSIDE OF PLATE (2 BAY DIRECTION) A 


No attempt was made to obtain principal stresses. Instead, the: strains s that \g 


were ‘parallel the column center lines were determined. The AX-5 gage 


hy 
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828 
Gages were identified by 1 numbers determined their on the grid 


“a Because it was necessary to record the strains of many gages for each load 
increment, a switch coatrol board was built. Variations in contact resistance — 


at the board caused some early difficulty, bu but eventually the operated erated 


P 
inches per inch 
4 


train, in micro inches perinch — 


3 


100 pounds Load, in 100 pounds: 
Fic. 6.—Loav-Sr RAIN ROM Tenston-T EST 


Readings were taken vat loadings of 1 Ib per sq in., 2 lb per sq in., 3 lb per 


win 
 $q in., , and 4 lb | per sq in. of surface. A load-strain dingvem (of which Fig. 5 
is a typical nase was prepared from the readings for each gage in both 


the variations in contact resistance inthe switching panele 

= To allow for slack take-up the zero loading was taken as 1 lb per sq in, 

Because the maximum loading was 4 lb per sq in., all values given in the follow- _ 


‘i. ing tables and diagrams are for a load increment of 3 lb per sq in. "er 


J PuHysicAL PROPERTIES OF THE CAST AuuMINUM 


Young’ s modulus and Poisson’s ratio for the cast aluminum 


i 
: by, tests on a 3-in. n.-diameter bar, which was cast at the same time as the model. 7 


TYPE TE = TYPE IV TYPE TYPE 


6 shows the load-etrain curves from which Young’s modulus was deter- 
as 10,900,000 lb per in. and Poisson’s ratio as 0.33. __ 


- Because only one panel was loaded at a time, it was necessary t to obtain . 


strains for the required loadi ing patterns by sumn summing the strain measurements — 
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from single-panel loadings “The fundamental loading patterns are shown in : ae 


a bse The following combinations for maximum-positive moments and maximum- 
ne negative moments for the model for the three-bay direction were obtained from . 

Maximum positive..... exterior panel TypeI 
Maximum positive. .. interior panel Type Ir 
Maximum negative. .... interior support 
the direction the maximum-positive moment occurred for a Type. 
VI loading. _ A Type IV loading resulted in the maximum-negative moment. | 
Computation oF SrResses AND MOMENTS 


4 els an elastic plate subjected to stresses o, and ay, the strains in the z-direc- ? 


Ro 


i ge) the top fiber stresses and the bottom fiber 1 stresses at any point 
were unequal. This inequality was due to a certain amount of shear in the 


“columns, thus | producing thrust in the s slab. To eliminate this ‘complication _ 


the bending-moment computations, an average was taken 
top stresses and the bottom stresses. | 
- From the stresses. computed by Eq. 4 and Eq. 5, the bending moments per 
th of slab width were also computed. ‘ 


The moments shown i in Table 1 occur at the 5 gage ae | 


conditions. In order to compare the ‘results with the ACI code = 
_ it was necessary to find the average moments across the recommended design = 
‘Sections. quantities of moment at the design sections in the column strips 
; and in the middle strips were obtained from the moment diagrams by deter- 

mining the areas under the curves for each strip. For many of the sections, 

curves have been plotted from only ‘five points, whereas at least seven would 

have been preferable. ‘This has resulted in considerable uncertainty in the 
negative at than the gage stations. For this a 


ima 

— 

— 

— 

— 

— 

— 

] 

q — 
— 


"reason it would be advisable to assume as great as 10% in the 


4 ‘overage moments at the critical sections for negative 1 moment. The 
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— Asa check on the accuracy of the results, the sum of the e average 1 negative 7 


~ moments at critical sections and the positive moment at the panel center line 


was computed for the full width of the model between two critical sections in 4 


each bay. The result was compared with computed from wP/8, in 
which w and |, for the three-bay direction, as follows: Ban 
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: Al.l | —42 | -23 | 04/ 0 O | —42 | —23 —42 | -—22 
a | | — 4 | -39 | -30 | -42 | -30 | -51 | -24 

—40 | 05 | | | -42 
4 Aas -21_ «| «| -26 | | | 
— Bl | — 85 = 99) — 16 —-99} 3.1 
— | & 20 | 29 4 
— | 38 | 26 | 38 | 
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Line C 


Critical 
section 
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The results are shown i in Table 2, 
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and the n maximum error is 88%. | ntare greater are probably the result of a differ- 
ence in E and uw (between the model and the test piece) and the difficulty ~ 
_— determining negative m moments accurately from the small quantity of gage 
— 
points. Because no correction has been made for these errors in 
curves, an allowance should be made in interpreting the results. mr] 


a In the analys ses made according to the ACI code, the columns and strips 

the supported slab were considered to have infinite moments of inertia within — 4 


the li limits of the (90° capitals 4 Moments were determined 


“4 10 in in, 10 in. 


0) MOMENTS CRITICAL SECTIONS 
17.—Criticat-SEcTION MOMENTS FOR Frame 


at all at the using moment distribution. 

j Negative moments were then determined at the prescribed critical sections at a P 

dist distances s equal 1 to X L from the column center lines. Finally, the moments — al 

“were apportioned to the column strips and middle ‘strips as prescribed i in the a. 


Fixed-end moments oF 


ne Fig. 17 and Tables 3 and 4 show a typical ACI analysis for a frame that “7 


| 1 a all spans uniformly loaded. Tables 5 and 6 give the moments at the critical — 


sections and at mid-span before their apportionment to column strips and — 
at middle strips. In Table 7 the apportioned moments, which are expressed in — 


inch- pounds per inch, are tabulated for eplumn strips ¢ and middle > strips, as ob- 
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moments in the design strips. Table 8 shows a typical method of appor 
i ss to column strips and middle strips in accordan — 
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eet. 
> be 
Distribution factor. . . 
Fixed-end moment... . 


_ Carry over. 
Summation 
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All spans loaded with a uniformly distributed load. 


TABLE 5- —Momenrs BY ACI FRAME 


ed 


—772 


All moments are in inches and pounds per 17-in.-wide CS. refers to the critical sections 


TABLE | 6.—Moments BY ACI Frame ANALYsis— 
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 Two-Bay DIRECTION 


| 

Type VI | | 


_ « All moments are in inches and pounds per 17-in.-wide strip. » C.S. refers to the critical sections spec: ' 
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R- The most important differences between test moments and analysis mo- 
= occur at mid-span, | in which, in all cases, the test by agit are greater , 


(71,400 —1,490 1,490 71490 = 1,490 — 
| -1490 =1,903 | —1,490 =1,490 (190032 1,490 — 
Total. 876 4511 —1 782 876 
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7 q analysis, the variation in intensity of the negative moment across a column b, a —— 


TABLE 7.—COMPARISON OF OF AND ACI Moments ON 


Srrips AND MIDDLE STRIPS 
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© Moments given are average values in inch-pounds per inch. To locate areas to which comparative 
moments apply, see dotted moments in Fig. 8 through Fig. 16. | | 
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_ strip is considerable . The maximum-negative test moment per unit ‘it width i is 
always substantially greater than the corresponding average ACI-value. prelain 
_ When the large differences between test values and analysis va values were 


first noted, it was thought that some settlement of the supports might be aa i 
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ACL code 


~COMPARISON oF Moment DIAGRAMS FROM TEST Resvirs 


_ The shims were removed from beneath the interior columns, and 
tests were made. The changes in positive moment were found to be negligible. 


-~‘Fig. 18 shows that the maximum-negative moments in the middle strips, = 


_ which occurred on the column center lines rather than at the s pat 
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4 | Exterior panel Interior panel 
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were approximately to ‘moments | found the . ACL code 


aes. The ‘tabulated | Ba, show that the moments in the flat slab used in ‘the 

experiment differ consistently from the moments determined by the frame- 
analysis method recommended by ACI-318-51. differences are 


a to warrant some changes in the present method of analysis. 
In terms the main differences are: 


The average negative ‘moments determined test methods were less 
those that were found by anal is. 


| ror Moments at Mip-Sran ry 


ry 


: 


- _ However, a careful examination of the test results shows that there is some 
inconsistency i in the values of the negative moments. This is attributed to 


three | ossible causes: + 


itis probable that the e ordinary flexure fc formula | does not apply in in these areas, 
 b. Some of the ne negative moments | were obtained | by plotting curves ‘from 


only five points, whereas at least seven points would have been preferable. __ 
c. The contact resistances of the switch control panel for the SR-4 gages” 


_ However, no ‘such inconsistency appears in the values os given for the pc positive — 


_ moments. . Also, the | test results for - the negative m¢ moments are in close : ‘agree: 


ment with the analysis, whereas ¢he test results for the positive moments do a 
not ag agree favorably with the analysis. For this r reason, , a8 well as for - reliability, 
changes" are recommended only for the positive 1 moments. ‘The results found 

_ from the frame ana analysis ‘should still be used for ¢ computing - the negative mc mo- 
ments. For the positive moments the recommendations take the form « of 
Rompres by which | the analysis moments s should be multiplied to determine thos 

of design. A list of these fa factors is ‘is given in Table ens, ert rer — 
is honed that further tests will be conducted to provide similar factors 
e: or use with the negative moments. ca In s ‘such tests the following 5 : 
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woe 


Potel it. " The model should be made in such a form that the outside edges of of the 


slab : are tangent to the outside edges of the columns, _ et ote ao, 
td, A switch control panel that has contacts of “ay constant resistance 


should be used for the SR-4 gages. fon bib 


_ The writers wish to acknowledge the early work aimed on ‘this project 
by Keith R. Ebern and Kenneth W. Moore at the University of Toronto 
(Ontario, Canada). | Their work on an earlier, smaller scale model led to many 
oof the improvements that were incorporated i in | the test , described herein. _ 


‘= _ In addition, appreciation is extended to William H. Carr who did much of 
a the preliminary work i in the planning and a 
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James *J.M. ASCE —One provision of the 1951 ACI Building Code 
that the authors did not apply to their analytical moments is the one (Sec. 1002 
(a.) 8) that would allow the numerical sum of the maximum-positive and the — 
average of the maximum-negative bending moments to be as low as ts Wor 


4 adjacent panel d Lis s the s span ini of a flat slab panel center to center of sup sup- 7 
- ports, and Aae i is the average distance i in the direction of span from the center of _ 
‘support to the intersection of the center line of the slab thickness with the ex- iol 
treme 45° diagonal line. The 1956 ACI Building Code (Sec. 1002 (a)) allows = 
sum to be as low as 0.09 W L F ~? ,in which F = 1. 15 


experimental results (Table 2): that the sum i is more nearly 
4 W L. This result shows that the moments from statical considerations are 
not reduced by two-way action as is commonly assumed. Frank E. —— 
A. M . ASCE, has verified® this i in the ¢ case of reinforced- concrete column 
: nded by lines of zero 
- = ~ In the cane of the bent containing the first interior columns, the line of 7 
____-gero shear lies between the mid-panel and the five-eighths point. = ee 
ir. % 4 The assumption that the moment of inertia of the slab becomes infinite at af 
the edge of the column capital does not seem reasonable when there is no od 
= panel. a the moment of inertia does not become infinite until a point \ within 
the capital, the fixed-end slab moments will be reduced and the emit 
moments will agree ‘more favorably with the experimental | ones. 
The differential | equation that governs the stresses and deflections of a slab is 5 
dw _ g(l 
ag in w Ped w is the Rae deflection of the slab, q is the load d intensity, and and the — oy 


4 Associate Prof. of Civ. Eng., Univ. of Colorado, Boulder, Colo. 
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5 
1ents in a slab are dependent on the value of 


of Poisson’ ratio, cannot therefore yield exact results. 
. en The effect of Poisson’s ratio also makes it doubtful how correctly experi- 
Mg mental moments, which were determined from an aluminum model for which 

= 0.33, can be applied to concrete that has values of from u=0 to b= 0.15. 


loaded, simply supported, square will be used to illustrate 


witb 5 m? + 
Wo is the deflection for 0. Moments are given 
(Fw, 
ae 


My =—. EIS 
> 


_ _ The relationships indicated i in in Fig. 19: for the moments at the corner and at 


the center of the slab can be shown easily. The magnitudes ‘of these | moments — 


in terms of the moments for p = 


2=(1+ Ma od 
(1 + ») Myo 


§“Afleiding van Eenvoudige Formules voor de yan Vier Zijden Ovge- 
ezde Platen in been’ Beton voor Gelijk Matige Volbelasting,”” by P. P. Bijlaard, De Ingentowr, 
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‘The moments (Mg: and My) for = and. = 0. 15 5 are, in terms of the 


Unfortunately, ‘Eqs. 9, 12, ‘and 12d cannot be applied to the model tested 
¢ they are not general equations, but special ones applying ving to rectangular 
plates with nondeflecting side supports. For the case of a simply supported — 
round plate, for example, the effect of becomes more 


| 


—UNIFORMLY Loavep, Surportep SQUARE PLATE 


pplying a correction for the effect 


4 difficulty is the fact that the stiffness of the slab is affected ve B, but the tifneee 
*) 0 of the column i is. not. _ Therefore, the eolumn moments will differ for different 


‘Marx W. Houearns, 7M. ASCE, anp Warone L. Lin.*—The careful and 


critical discussion by Mr. Chinn of the effect of Poisson’s ratio is particularly 
valuable. He has indicated that the actual positive moments in a concrete 
- slab would be less than those found in . the test slab, and the negative moments 


ina a concrete slab would be greater than the mo moments present in the test slab. 


1 Associate Prof. of Civ. Eng., Univ. of Toronto, Toronto, Ontario, Canad 
* Asst. Bridge Design Engr., Dept. of Highways, Toronto, Ontario, — 
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oe it is apparent that the actual positive moments should be con- 7 
7 sidered as being greater than those obtained by the ACI recommended method — 


‘on “The. numerical sum of the maximum positive and the average maximum 
negative bending moments for which provision is made in the design in the — 
_ direction of either side of a rectangular panel shall be assumed as not less 


SE 


Thus, it makes no provision for downward adjustment of momenta = 
The somewhat similar section 1002(a) of the 1956 code is intended for 
“flat slabs within the limitations of section n 1004.’ , oy The model tested does 


not satisfy thoselimitations, = = hats} 
_ Mr. Chinn’s proposal that the bents | should be bounded laterally by jlines 
i zero shear is excellent. thy. vive dunk pen 
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A 
ELATIONSHIP OF IRRIGATION 
i 


i 


. 


of the health problems that arise. mosquito-caused public potas 


exist in many irrigated areas of the United States. These problems are pri-— 
of the same e faulty structures: and 


- The be of irrigation are 80 great, so ) obvious, and so well known that 

itis , sometimes difficult to realize that there may also be some adverse effects. 
The favorable results irrigation may have on public health, through improved - 

_ living standards made possible by the increased production of food and fiber, 
are ‘recognized. The unfavorable results irrigation may have on public health — 
are not as well known and are not commonly Tecognized. This and 

is devoted to those unfavorable and unpopular aspects. 


Some diseases associated | with irrigation in other countries are not of g 


caused by blood flukes, is not prevalent, although it is estimated that approxi- aa 
mately 70% of Egypt’ population i is infected.” borne diseases, such 
_ typhoid and dysentery, which are associated with the use of polluted irrigation _ 
iw ater f for drinking or for irrigation of crops consumed raw, have been greatly — 
gi reduced i in the United States. However, problems still exist that are associated — 
_with irrigation-caused biting insects, such as black flies and mosquitoes. Al- 
though mosquito-borne yellow f fever and malaria have been practically elimi- 


nated in the United States, the p problem « of mosquito-borne : encephalitis remains a 


ihe Norer.—Published, essentially as printed here, in May, 1957, in the Journal of the Irrigation and Drain- _ 
a _ age Division, as Proceedings Paper 1235. ~ Positions and titles given are those in effect when the er was a 


1 Technical Staff Specialist, Western Soil and Water Management Section, Soil and Water 
Branch, Agri. Research Service, U. 8. Dept. of Agriculture, Beltsville, 


2 “Mosquito Problems in Irrigation Areas and Their Prevention,"” Communicable Center, U. 8. 
‘Public Health Service, Ga., December, 1951, 
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Encephalitis means “inflamma tien of the is commonly 
“sleeping sickness.” It results from infection by viruses and can cause — 44 
a brain damage or death. There is no curative medical treatment known, and B, 


_ immunizing vaccines are not available for humans (as of 1958). Although — 
_ other mosquitos are capable of transmitting the encephalitis viruses, Culex — 
tarsalis is the major vector and is frequently termed the ‘ ‘encephalitis mos-— ’ 
_ quito.” In many areas of the United States, the disease is common in horses, " : 
and the viruses that affect horses are, with the possible exception of the St. r. 
Louis (Mo.) strain, the same which affect humans. Severe human epidemics 
‘ have occurred in the United States, and some are worth mentioning. An epi- 
demic of 1,000 cases with 200 deaths struck St. Louis in 1933. The Dakotas 
and neighboring states had 2,800 cases in 1941. There were 813 cases with 58 
_ deaths reported in California in 1952, and other outbreaks of the disease have 
4 occurred in various parts of the United States since that time. It is reliably 
7 estimated that more than 1,000 cases occur annually in the United States — 
although | a majority are not recognized. It is true that not all encephalitis 
epidemics are associated with irrigation, but many of them are, such as the _ 
 & 1952 epidemic in California. The potential for epidemics in many other —— 
a areas is high and is increasing with the development of irrigation. | . The oi 
{ stant threat of irrigation-caused encephalitis epidemics and the constant a 
_ currence of f smaller ‘nonepidemic « outbreaks are serious n matters and cannot be > J 


Mosquitoes not only carry human but are Of sufficient economic 


which mosquitoes cause economic loss are (a) dincases, such as 
— litis of horses, fowl pox, heartworm of dogs, and myxomatosis 0 oy “big head” of — 
rabbits, are often spread by mosquitoes; (b) dairy, beef, and poultry produc- — 
tion is often seriously reduced; (c) real-estate values are depressed ; (d) labor Z 


a becomes difficult to hire; (e) industrial development is retarded or prevented; a 
) tourist trade is or eliminated ; (g) outdoor living and recreation are 


= 


#4, 000,000 are spent annually on ‘mosquito control in California, primarily 
on problems directly associated with irrigation. Hundreds of thousands of = co 
dollars more are spent for mosquito repellents, household sprays, » and medi- 
cations for bites. The total of similar expenditures in all irrigated areas must _ 
ae Mosquitoes have certain habits and abilities | (other than their ability to 
“carry disease) that are responsible for ‘their adaptation to, and their impor- 
4 ‘tance in, irrigated areas. There are approximately 2,000 separate species and _ 


¥ -—- have been identified in the world, and ‘approximately 120 


‘restricted or prevented; and (h) “Mosquito control is costly. Approximately 


species have been identified in the western United States. a The large number . 
- % of mosquito species is worth noting because each species has slightly different 
habits and and abilities. . Some of these habits are of only incidental interest to 


ae engineers, such as the fact that the female Aedes varipalpus pre prefers i 
ss 8“"Phe Economic Significance of Mosquitoes to Agriculture in California,” Deane P. Furman, 
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_ to lay her eggs in tree holes, or that Mansonia perturbans larvae Hal: spikes ~ 
on their on which a sink into hollow cat-tail or tule roots | tor obtain air for r 


stay within a mile or two of their source. dome species, such as 
Anopheles freeborni, make dispersal flights in the fall, at which time they se seek ze 
a favorable ates for hibernation, and i in the spring, when they emerge from winter 2 


; —_= flew much farther than this. Some Aedes species have been shown to “_ _ 


_ These long flight 1 ranges mean that : mosquitoes — a 


sah Egg-laying habits of mosquitoes are of considerable importance because _ 
“they relate to irrigation practice. From the standpoint of irrigation, mosqui- a 
_ toes can be divided into two basic types—those laying eggs on the water sur- - 
face and those laying eggs on moist soil. Eggs of Culex, Anopheles, and 
= genera are laid on the water surface and after several days hatch into | 
yo larvae. The larvae, or “wigglers,” ” progress through four stages, or instars, 
and develop into pupae, or “tumblers,” from which the 


- emerge - Because this process takes a minimum time of approximately from > 
five days to six days, even in the hottest California weather, these mosquitoes — 


propagate primarily in permanent or semipermanent water collections, such as 
. those found in borrow pits, ‘poorly maintained drains or ditches, or structures 
that hold water when not in use. Despite the relatively long period required _ 


* for completion of the aquatic cycle, these mosquitoes are commonly produced - q 


7 we Eggs of Aedes, Psorophora, and other genera are laid o on n moist § soil, which 


eu 


q 


: hatchable, or - are conditioned in the dry state and <atiaie hatch within a few © 

a minutes after being covered by water. _ The aquatic cycle is the same as for 

other mosquito genera. It should be that the aquatic cycle | 

all mosquitoes must be completed in water; mosquitoes cannot propagate — 

in damp grass. Because of the immediate hatching, the egg-to-adult cycle ned 
be completed in four days when mean temperatures of approximately 85°F pre- 

_ vail.° Prior to the development of irrigation, these were floodwater mosquitoes 
whore eggs | were laid where they would be inundated by high water in spring or 7 
fall floods, and ordinarily only one or two ‘broods were hatched each year. 
The practice of intermittent irrigation is ideally suited to the needs of these — 

Mosquitoes, and in a majority of cases every irrigation produces a new brood. Pa 

+ ; Even though water is not ordinarily supposed to stand for four days within in- 
a termittently irrigated fields, the mosquitoes are produced within a p soning of 
the irvigated fields in most, if not all, irrigated bus didad 


igtiet Pasture Mosquitoes in Western 
le Disease Center, U. 8. Health 
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is incorrect. Mosquito problems in irrigated a areas are 
_ marily the result of mosquito production caused by faulty irrigation chat oul 
and practices. For example, for many years people living in the ‘Milk River 

valley i in Montana had blamed their mosquito o problem on the numerous sloughs" 
in the valley. An intensive study made by the United States Public Health | 
Service in 1952 showed that 90% of the mosquito production was caused 
a by irrigation, and more than 10% occurred within the boundaries of irrigated _ 


Water which stands for four days: on the soil surface in an irrigated fi field will, 
with very few exceptions, damage both the crop and the soil.” Because w 
must ordinarily stand for four days or more before “mosquito production can = 7 
acai such production within an intermittently ~ om 


problem by adopting good ‘irrigation practices have shown 
several studies. A cooperative investigation in the San Joaquin Valley of > 
California by the California State Health Department and the Soil and Water YL 
“Conservation. Research Branch, Agricultural Research Service (United States 

of Agriculture), has shown that mosquito production, as might be 


cooperative | investigation by the Public Health Service and the ‘Agricuitural : 

Research Service i in the Milk River valley produced the following results : By 7 
using fertilizers and timing irrigations to allow 60% of the available soil mois- ia bef 
_ ture to deplete between irrigations, formerly abundant mosquito production in a + 


8 hay field was eliminated and hay production was increased 
‘Phe foregoing information has to show that mosquito pro- 
ae duction within intermittently irrigated fields is unnecessary and undesirable 
i from both agricultural and public health standpoints. _ Mosquito production — 
a in ditches, borrow pits, equalizing reservoirs, and other. irrigation and drainage 


structures is undesirable from the Stindpeiaty, of water conservation, weed oan 


control, maintenance, and operating efficiency. Space does not permit a com- 
4 plete analysis of each situation, but a brief listing of various causes for mosquito —, 
production associated with irrigation can be made asfollows. = 


“Mosquito Investigations,” First Progress Report, Milk River Irrig. Project, Montana, 
Disease Center, U. 8. Public Health Service, Atlanta, Ga., April, 1953. 


2 “Soiland Water Mopeqament | in Relation to Mosquito Control,”’ by Lloyd E. Myers, Jr., Proceedings, a 
24th Annual Conference, ornia Mosquito Control Assn., Turlock, alif., agree 1956, pp. 11-138, 
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PUBLIC ‘HEALTH 


a not present problems because of falling water levels throughout the summer. : 
wal _ Occasional problems are caused because of uncleared marginal vegetation and 


Distribution Systems. —These systems cause mosquitoes when (a) equalizing 


reservoirs ‘shallow, weedy ‘margins; seepage from canals creates 


we swampy areas. on lower-lying lands; (c) ditch bottoms are not on . grade, ¢ causing 
_ ponding during nonuse periods; (d) structures are not on grade, thereb y 


; ponding water upstream ; (e) leaky structures create downstream ponds; ( ) 


q 


mosquito problems associated with irrigation. dat! 


undrained borrow ] pits hold water from | seepage « or runoff; (g) structures hold | 
hw 


residual water when not in use; and (A) maintenance is inadequate, thus re- 


_ sulting in retarded channel flow, weed growth, and other yan favorable 
_ Irrigated Lands.—Inadequate drainage, both surface and subsurface, and 


overapplication of irrigation water contribute to mosquito production. Over-— 
a ep ts rise is caused by (a) | poor measurement ¢ of water by the farmer or water- 
ot supply agency; (b) inefficient irrigation methods; (c) inadequate land prepara- 
:.. tion, causing ponding within fields; (d) lack of information to establish proper — 

irrigation schedules; and (e) delivery schedules not corresponding to proper irri- 


= gation schedules. Crops and soils are often damaged by overirrigation. 


Mosquitoes commonly result if the irrigated land is composed of 


soils with low ‘infiltration rates due to compaction, alkali damage, | or poor 


soil structure. Problem soils ¢ are caused by poor soil management 


wifi hes All irrigation- mosquito causes given relate directly to the activities of i 
a tion and drainage engineers, who have primary responsibility for planning, — 
designing, 2 and constructing irrigation and drainage works. 1 The engineers 
must also obtain the information farmers need for sclocting, planning, and 


— 


a =e The relationship between pt public health, mosquito siablonen and irrigation — 


and drainage i is not an unfortunate situation to be looked on with regret and © 


tag misgivings. - Instead, iti is a powerful tool for i improving irrigation and drainage 
a works and practices. — Irrigation « and drainage engineers have the ability ral 
the responsibility to play a leading role in developing the methods for using» 
this tool. _ They ha have an opportunity and an obligation to convert an — 
debit into a future credit. ~The future prosperity, comfort, health, ; and ev even 
_ the lives of many people depend on the proper recognition of that obligation 
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Y J. RSDEN* 


A brief history and an analysis | of the current (1958) situation r regarding 


the operations of special-purpose vessels are presented. Also examined are the 
_ layout, general design criteria, and technical analyses of roll-on roll-off, lift-on m, 
lift-off, container, and 1 conveyer tel terminals for trailerships, trainships, and con- 
~ tainerships. _ Consideration i is also. given to berth and pier facilities, transfer At 


bridges, marshalling areas, receiving and delivery anne, an nd subsidiary facili- ; 
ties areas. 


States hee interest in roll-on roll-off, lift-on lift-off, and 
similar types of shipping. All these operations use the principle of the transfer 
a 2 between land and sea carriers c of loaded highway trailers, rail cars, and con- 
2 tainers. This principle is a version of the unit-load principle as contrasted with “a 
the handling of many individual pieces of cargo. — The ‘Savings in vessel port — 
Historically, ferries were the first roll-on roll-off vessels. thay still perform 
convey rail cars across the Firth of — 
Forth and the Tay. River. trainship operations were estab-— 
lished in other countries, and in 1892 the first train ferry in the United States _ 
began operations on Lake Michigan. With the development and ted Sat iy 
use of automobiles and trucks, ferries were established to transport these 
vehicles. Although ferries have been largely replaced by bridges and tunnels 
ter crossings, they are used increasingly on long runs. ¥ Con- oe 
tainers have also been utilized for many years to transport goods in general- Bp ‘ 
oS: Norse.—Published, essentially as printed here, in May, 1957, in the Journal of the Waterways se ae ‘ 


- Harbors Division, as Proceedings Paper 1248. Positions and tithes given al are ord in effect when the = 


Chief, Div. of Port Development, Maritime Adminiat ion, 
of Commerce, Washingion, DC. 
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cargo ships, and consideration has been given to the use of ships designed or 
modified specifically for the efficient handling and transportation of containers. i q 


ated during World War I and World War II. 
Although ‘Sev eral commercial roll-on roll-off and lift-on lift-off deep- 
ve vessel operations have been conducted from United States ports for some =e 
the first specially designed ocean vessel for highway-vehicle transportation w: —_ 
- completed in January, 1958. This vessel, the United States Navy ship, Comet, ‘ 
was constructed for the Military Sea Transportation Service (United States 


Department of and can transport of the vehicles of an 


Water, | ‘roll-on roll-off trailership ‘operation is a service between 
(Fla), San Juan (Puerto Rico), and the Virgin Islands. This service uses 
vessels that can carry fifty-two trailers on two decks. However, the propelling 
machinery has been removed from the ships, which are towed. A ae | 

 pellec vessel (landing ship-dock) was converted for this service in 1957, but, 

sit has had propulsion-machinery problems to date, making it difficult to evalu- 

Caution has supplanted the enthusiasm prevalent in 1956. among the pros- 
pective builders of such special-purpose ocean-going vessels. In 1955 appli- 
cations for Federal Ship Mortgage and Loan Insurance for these ships were 
‘approved, in principle, by the Maritime Administration (United States De- 
partment of Commerce). Since that time (as of 1958), applications for 


twenty-four trailerships, eleven -trainships, and two train-trailerships have 


been received. Many have been approved, in principle, for government mort- 
=~9 gage insurance purposes. However, construction contracts have not as ie 
_ been awarded for any ¢ of these vessels. ‘Ship operators have apparently made 
second and more technical appraisal of the over-all situation, particularly 
__ with respect to roll-on roll-off operations versus lift-on lift-off methods, 2 | 
well as loading the complete highway trailer versus loading the trailer body 
- only— that is, loading mobile transportation equipment aboard as compared © ; 
with a purely container type of operation. One operator abandoned the con-— 
cept of a roll- -on roll-off trailership in favor of the placement on board of only 
the trailer body i in the form of a cargo container. This operator has conv verted — 
several C-2 type vessels to lift-on lift-off trailerships capable of loading on board 
truck-trailer bodies with two self-contained traveling cranes. 
. wi? The vessels considered to date (as of 1958) vary widely in their os : 
media. Some are end loaders, some side-port loaders, and some combine both 


and under certain tidal conditions. rot sot vale wre 


Because of the interest in in special-pi -purpose vessels, the Maritime 
Administration conducted a of the e design criteria for the shoreside 
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— through a “‘well” opening in the ship. Except for two such self-loading train- 
ships, only three of the foregoing vessels would have ship-furnished ramps, — ; 
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mature, the preliminary data may be of interest to engineer as well as the 
Generally, the layout of a terminal for ‘such vessels is s influenced greatly by a Pye 


Bae variation of the water level i in the berth. ~The dimensions of the vessel, 


maximum load of 25 tons on a 12% grade. ith a minimum 
the ao of 10 in. for the trailer we gear in the fully retracted Asean 


minimum underclearance of 94 in., railroad cars up to 60 ft long can dine + a 
change i in grade. of 6. 5% without a vertical curve. 
Ba Both the trailership and the trainship terminal ‘should have the folowing 
Pig 2. A marshalling area should be included. ‘This area provides space for To ee 
“A a accumulation of rail cars or trailers arranged in the order in which they - 
should be loaded on the ship bes for the immediate storage of units unloaded — 
from the vessel . It should be as near as possible to the ship berth in order to 
“ minimize the « quantity of hauling units needed to unload or load the vessel. _ as: 
ae 3. A receiving and delivery area is necessary. In the case of a trainship 
_ terminal, such an area is a railroad yard with a capacity of one shipload. In Sahay - 
al case of a trailership terminal, this area is a gate house where trucks are 
checked. Space is included for trucks awaiting gate clearance, as well as rail bs 
tracks and unloading ramps for handling trailers on flat cars 


4.A subsidiary facilities area, 


cargoes or less-than-carload cargoes and the breakdown of inbound full — 
_ (0) a holding area for short-term storage of cargo’ units ; ; and Or 8 repair and a 


maintenance area for minor repairs to trailers. asibils 
eh The ship berths should be readily accessible to deep water and, if possible, 

_ should be oriented in such a fashion that docking and undocking ships can be 
"ta performed without using tugs. The choice of the type of berth to be used at 
particular location is influenced by conditions of tide, wind, current, and = 


‘Ship-berthing facilities ean be grouped into five general types: 


8“Bhoreside Facilities For Trailership, and Containership Gerviees,’ Tippette-Abbett- 


— 
4 4 media being considered? Although the u 
ure 
— 
size of the facilities to be provided. trailers are controlled 
state motor vehicle laws. itrailer rarely exceeds 20 tons. 
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SHORESIDE ‘FACILITIES 


nger piers sand slip wharves are suitable for either stern-, bow-, « or ‘side-loading — “eee 
vessels ; ferry _ are useful for bow- or stern-loaders ; and an offshore berth, | ‘ Ma 


fe perish if offshore structures or pontoons i are added to support a a transfer bridge ; ; ees i 


water in ‘which dredging would not be However, the latter 
usually requires the construction of a long over-water approach. _ The berth “. 
should have sufficient length, width, and depth under all. conditions of tide 
ae and current for the safe docking a nd undocking of the largest ships that are ae 
= expected to use the terminal. The following minimum single ship-berth di- — 
mensions are desirable provide adequate space for berthing and mooring 


ae 2. Width—beam of vessel, plus 3 allowance of 100 ft for r tug maneuvering ; wd a ey = 
we 3. Depth—loaded draft of vessel, plus allowance of approximately 2 ft for 


lower low tides and uneven vessel trim, plus a 2-ft bottom clearance. * § 
ae ; _ The transfer bridge for connecting the ship and the shore at a roll-on. roll- a. 

off! terminal may be a single-span or multiple-span bridge with intermediate 4 


a supports that are hinged at the inshore end and are movable vertically at the a 


__ outshore end to meet the loading deck of the vessel. Outshore-end and inter- 
mediate supports, if any, can be held, and the elevation can be adjusted by 
several methods, including cables attached to overhead winches, hydraulic pis- pate es 


oy - tons, or pontoons with adjustable ballast tanks. - The length of the bridge is <4 


2 B determined by the tide range of the fee the elevations at light and beaded 


highest and a loaded vessel at the e average yearly lowest tide. 
existing and proposed roll-on roll-off vessels are loaded on a single deck, 
with the transfer of units to other decks within the vessel by internal 
rte. elevators. ‘For these ships a single-level transfer bridge ¢ can be e used, although “ 
a ih - ports having tidal ranges of more a 15 ft, one that is multilevel might be sf 


For vessels designed for direct ‘loading to several decks, a multilevel 
The transfer bridge at a ‘tqnileatio terminal i is not fixed to the vessel, and (3 a 
a sliding plate is used to span the gap between the bridge deck and the vessel iia 
a - deck. _ The bridge may be a girder or truss construction and have a solid or Bae 
open grid-type deck. Its grade should be limited to 10% in order to minimize ee 
the difficulty of backing trailers over it. Although the width of the bridge va a 
_ depends on the size of the vessel’s loading ports, a minimum of 20 ft is desirable — a2 4 
for a two-way operation and 12 ft for a one-way operation. % The minimum ae 4 q 
f. vertical clearance should be 14 ft to conform with the design standards of the — a 
=e e American Association of State Highway Officials (AASHO). A minimum of i 
60 ft beyond the inshore of the bridge i is required for ‘Inaneuvering the = 
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traffic. In general, the bridge should be designed for the stan ndard AASHO 
H20-S16 loading, or for greater loads at ports in which increased axle loadings — 
a ‘The transfer bridge at a trainship terminal should be designed to support a — 
7 4 continuous line of maximum-weight (75-ton) cars on each track. on Because the 


wind, and current should be ‘considered. Idler cars should be used 
the locomotive and the cars being — onto the vessel so that the locomo- a 


_ of tracks that should be provided on a senator bridge depend on the size of 
the vessel’s loading port and the track arrangement on the loading | deck. The 


ance requirements of the American Railway Engineering Association (AREA). 
iis area required for marshalling is determined by the size of the vessel, 7 
the frequency of sailings, : and the shape and arrangement of the » avaiishle.ares. 
When trailers or rail cars for only one ship are expected in the marshalling area _ 
‘at any single time and when ships take on and discharge a full load, space 
Ds ‘should be _ provided, as a minimum, for the storage of land-carrier units equal — 
to twice the ship’s capacity. This permits the discharging of a full shipload 
of units before loading is begun. When trailers or rail cars for more than one ~ 
- ship are to be in the marshalling area at one time, studies of | the arrival and — 


- departure pattern of the trailers or rail cars are required to determine the — 

_ The marshalling area for a trailership terminal should be surfaced with a — 

_ high-quality pavement, such as concrete or asphalt, with adequate structural . 
‘strength. _ Unit parking depth should be limited to two trailer agp parked a 


should be used for plansing purpones, including pro provisions for space 
around the perimeter of the area and at entrances and exits. 
; ‘The marshalling area for a trainship terminal i is a yard having rail connec- i i 
tions to the transfer bridge and to the receiving facility. These connections -_ 
_ should be made by a ladder track at each end of the yard. A passing track . : 
_ should be provided within the yard 80 that switching locomotiv es may ‘operate 
at either end. For planning, s and based on a 44-ft car and 13.5-ft track spacing, 
: approximately. 900 sq ft per car should be allowed for the marshalling yard, i. 
including provisions for a passing track and ladder tracks. 
Trailers and | rail cars are classified for weight (also size, if during 
the transfer of these units from the receiving facility to the marshalling facility. a 1 


At lift-on lift-off terminals, units are transferred between ship and shore — 5 
cranes. — The units ma y be trailers, rail. cars, or containers. At terminals — 


a where the tidal variation is great and a transfer bridge would be ltiialty 
Tong, lift-on lift-off are more | suitable than roll-on roll-off methods. 
ions may be. slip-type wharves, 
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inger piers, or marginal wharves. . The may ay be: ship-mounted 0 or r shore- 

based, and may be of either the revolving or horizontal-boom type. A ship- 

mounted crane permits a vessel | to serve any terminal having a wharf apron 
‘that is suitable for truck and rail operations. . The marshalling, re receiving, — 4 
and subsidiary areas for lift-on lift-off terminals are generally the same as a 


om for a roll-on Toll-off terminal. — The wharf apron should be at least 40 ae 


wherever greater axle loads are At trainship terminals, where cars 

: ‘a are pulled onto track-equipped cradles that are lifted by crane via a well open- 

ing in the ship to an appropriate deck, the wharf apron 8! should be at least 50 f s 

* wa to provide for the cradles and adequate clearances. be The crane should be 
ro oot of ‘of handling loads of of 75 to tons plus the e weight o of the c cradle. Lagittvew ae 


Ata lift-on lift-off container terminal, outbound containers are brought to 
a receiving facility on highway trailers or railroad cars. They may be removed 
these units and placed in a marshalling area ‘by mechanical handling» 


ech: 


- equipment, such as fork-lift trucks or straddle carriers. Bl For ship loading the 


containers may be brought from the marshalling area to the wharf apron by 


similar equipment. At terminals where demountable trailer-body containers 
= are handled, the container remains on the highway-trailer chassis in the mar- 
« — area and i is moved to the wharf apron by a highway tractor. ur Figo 3 
i. are attached. ‘The er crane lifts the containers and places them on board 
the ship. Cargo-handling equipment may also be placed on board the ship to 
_ move containers to other decks via internal ramps. Inbound containers are 
unloaded by the crane and placed on the wharf apron for transfer to 
“4 shalling area by cargo-handling equipment. The width of the apron is - 
4 termined by the size of the containers and the type of equipment and should 


76 Conveyer operations are an adaptation of the roll-on roll-off principle to 
containers. _ Equipment of the conveyer type is used to handle containers that 
_ are equipped with small flanged wheels and may be similar to a car puller, — BY, 
- consisting of a chain or cable between rails on which the wheels roll and which % 2 
is equipped with fittings connecting with the containers. The design of such 
a loading and unloading device must be coordinated closely with the method .., 
by which the containers are stowed in the ship. Conveyers can be used for _ % 
stern, bow, side, or hatch loading, and any of the five ship-berthing types can a a 


‘marshalling werd and a receiving g and delivery facility are also” 


a 
a 
4 for the crane wheels and for ship-mooring facilities. The crane ‘a 
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SHORESIDE- 


. - and receiving and delivery facilities. ; o such a terminal both a transfer bridge 
and a crane would be required. _ In addition, terminal facilities should be j 
specially designed and built for the most efficient operation of roll-on roll-off g 
‘lift-on lift-off, or conveyer services. However; it may be desirable to modify 
; an ‘existing general-cas -cargo terminal so that it can be used by specialized vessels 
and conventional ships. A major advantage of the special-purpose ships is the _ 
_ saving of in-port vessel time made possible by the use of specialized f facilities. 
To be effective, frequent service of this type must, be offered by the shipping 
‘tine. _ There would be no advantage in providing a terminal with the necessary — 
facilities for one or more of the specialized operations if the berths were un- 
_ available for from 6 days to 10 days because of conventional general-cargo op- “a a 
erations. However, if the occupancy. of the berth by general-cargo vessels 
‘ranges from 1 day to 3 days, and if ship schedules can be arranged to eliminate “ae 
« conflicts, it might be feasible to combine general-cargo operations with one or » 


"more of those that are specialized. he 
giduq Gaia hae ods dour ao asisiliont 


opposed to ‘on ethod it 
pieces of general cargo, can significant savings | in port and 
_cargo-handling costs. The special-purpose ships required for such operations © 
_— be handled most efficiently at specially designed terminal facilities. ‘The “a 
uf layout of such terminals, i is influenced greatly by the variation of the water — 
level in the berth. _ Except for a -conveyer-type terminal, the facilities re- 


J 


quired for such terminals a are relatively s simple and considerably less expensive 


than for a conventional general-cargo terminal, which requires greater pier 
am = and transit-shed construction The roll-on roll-off principle, involving 
the transportation of trailers on on wheels, is not economical for long ‘disthnces 
because the gain obtained by rapid loading and discharge is more than offset by 
. additional and unproductive cubic space that the vessel i is required to pro- 
for the trailer-wheel area. The lift-or lift-off principle, utilizing 
~ tainers, appears to offer the most attraction to long-haul operators. The use of 
_ ship-mounted cranes permits such vessels to serve any terminal | having a pier 
apron suitable for rail or truck 
information contained herein was developed by 
_ Tippetts-Abbett-McCarthy- Stratton, Nom. York. (N. dy, under 
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‘OPERATION PROBLEMS | ON ‘CONTROLLED- 


a advantages of the controlled- -access highway are emphasized, and the —, 


8 are outlined. _ Facilities providing for motor fuel, w water, food, comfort, ge eg 
fire department, communications, traffic operations, first aid and ambulance i 4 
_ Bervice, and wrecking, flat tire, and towing services are described, and the nec- — 


essity for making these fecilities | available is stressed. 
site 


itter experience in in ieaitt populated areas has ‘demonstrated cc conclusively — 


- that control of access on major travel arteries is a vital necessity. Lack of 7 
> such control results i in highways that depreciate not only i in volume but i in fa- 
cility of movement and safety. r The economic loss due to such depreciation i is 
enormous. Express highways that are adequate to cope with current and — 
prospective tr traffic volumes and speed are so e expensive that deterioration and 
obsolescence ¢ cannot be afforded. 7 - The highways must maintain their « efficiency 
and safety indefinitely. The tragic loss in death and injury is reason alone for _ 
th the controlled- -access principle. However, in addition to this compelling reason, 
“4 the controlled-access highway helps ‘build economic health and develops the 
- 3 region through which it passes. This economic upbuilding has been proved 


over and over again and is no longer open for debate. ‘is ‘The upsurge of deve 


opment has been so swift that rural countryside has been transformed to 
4 bustling prosperity, dramatically demonstrating the urgent need of access __ 
- eontrol to preserve the economic value and safety of ‘the t1 traffic artery. sie =4 
+ A major objective of the controlled-access highway is to relieve obsolete 
r and overcrowded local highways by diverting through traffic, ‘but without de- — 
= stroying business generated by the traveling public. Freeing local traffic 
® Nore.—Published, essentially as printed here, in May, 1957, in the Journal of the Highway Division, re 
as Proceedings Paper 1249. Positions and titles given are those i in effect when the poner was meiiee for 
publication in Transactions. 
of 1 Secy. to the Governor for Highways, State of Ohio Dept. of Highways, , Columbus, Ohio. 
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arteries from interference of that segment of through traffic not desiring | to — 
stop makes more street space available for those vehicles pausing for service, =_—_ 
_ shopping, recreation, and overnight accommodations. wee ‘The slogan, “every ve- 
“hicle a customer,” is meaningful if broad public interest is recognized and if 
controlled-access planning includes provision for services for travelers. 
ee Control | of ac access poses new problems in administration and operation n that 
at first may appear formidable but will yield to informed planning and ¢ organi- 
e zation. The passage of the Federal Aid Act of 1956,? which features the 
_ National System of Interstate and Defense Highways (a 41, 000-mile network), 
presents the operational problem to highway administrators. -Intracontinental 
__ expressways traversing both rural and urban areas preclude prcmiscuous exit — 
_ and entry, ‘and planning for many services and necessities hitherto deemed 
_ beyond the field of the highway official must be considered carefully. Ina — 
‘Sense the highway administrator will have the in in his care. Conse- 


quently, the operation of such highways is important. 
It appears quite logical that highway establish an op- 
_ erations division with a director. Such a division could become as important — 
re render service as essential as departments of major railroads. It 
? seems likely that it could take its place beside design and construction a as , 
major activity in the highway department. Express-highway operations 


include a variety. of activities, handled by various, often uncoordinated 


ariet 


Traffic operations. 
Ce Accident investigation and analysis. Wile ot bots 


. Enforcement. 


a. Fuel, water, oil, and accessories. ndisivals 


he 


i 2 Public Law 627, Federal-Aid Highway Act of 1956, 84th Cong., 2d Session, Chapter 462, Yeora Yo 
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Traffic glinasbaia! are established (as of 1958) in nearly all highway depart- 
4 ments, but new and challenging responsibilities will arise in the future under 


the leaderehip | of trained traffic engineers. _ An intelligent analysis of traffic 


da j 

needs and constant surveillance can result in reduced accidents, the : saving of 
and comfort and satisfaction for the motoring 


, Policing i is an essential function that must be integrated with: operations. a 

Although | state police usually ‘operate under a different department of state 
4 government, there is no reason why this function cannot be closely coordinated 


- man state police en let assigned to the New Jersey Turnpike has been 
- completely successful. This detachment monitors all turnpike operations a at 
_ headquarters through the microwave turnpike radio system, which, in turn, is 
connected to ‘state police headquarters: and the Pennsylvania Turnpike Tadio- 
system. ‘The police operate on an around-the-clock schedule and are effective 
in traffic regulation, enforcement, and’ criminal detection. They must be 
present at all accidents, not only to investigate the accident and apprehend ; 
violators, but to direct traffic, 1 render first aid, and summon wreckers, fire > ap- 
7 Pparatus, ambulances, and first-aid squads. Police contribute substantially to 
— accident prevention by halting careless drivers or those who are intoxicated 
or sleepy, thereby ‘saving many lives. ‘They also protect stranded motorists 
_ by summoning aid for gasoline, ‘flat tires, or repairs, and often help motorists 
start their automobiles. In 1955, 44, were by the 


__ Communications will become even more vital to the successful operation 


and facsimiles will I be ‘indispensable. a In some urban areas with dense traffic, 
television surveillance may be necessary to detect instantly accidents or other 
+ diturbances in order that police, ambulances, fire department equipment, or 
other aid can be dispatched immediately. Protracted traffic tie-ups result i in 


‘ “heavy ¢ economic loss when large volumes are involved. _ In rural areas roadside us 


>) telephone stations equipped with acceleration and deceleration lanes will be 
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“ACCESS HIGHWAYS 


In the past controlled-access highways, except for turnpikes and certain 
- parkways, have been limited to relatively short mileages 
; addition to being short, existing urban expressways are accessible to minidipal 
and Private-enterprise facilities, including police stations, fire 
ambulance service, medical aid, fuel, repair service, food, and overnight : oo on 
-eommodations. Frequent entrances and exits in built-up areas make these — 
_ services readily available. On the other hand, long-distance, controlled-access_ 
highway systems currently (1958) introduce a new problem. Besnde-t -ballovites 
__ Because it is not necessary to develop self-liquidating revenue from high- — 
way services on the interstate and urban systems, existing private facilities 
can be utilized to the utmost. National highway policy could be based o on 
‘the principle of causing the least disruption possible to existing private-enter- 
_ prise facilities and plant. Informed planning during the design stage at: the bie 
inception of each project can accomplish much. Thus, the highway: adminis- 
trator has the option of developing policy in each state and region tailored to ae 
_ local needs and in the public interest. It is believed that each motorist should i in 
considered as a “customer” to be served. il 
Using existing services developed by private enterprise relieves the 
pt» agency of many annoying and detailed responsibilities. On the other a 
hand, over-all leadership, coordination, supervision, and: regulation will valso 


owned servicing facilities to them, establish zones of 
-_ operational responsibility, and make satisfactory arrangements with respect to = 
_ the prices charged and the quality and scope of service. Continued follow-up . 
_ and review will be desirable to assure adequate and satisfactory service. es, = aa 
‘The ‘magnitude ¢ of the motorists’ needs can be understood when it is ‘réalized — 
>! _ that the services required by a city with a population of 200,000 constitute the _ 
daily requirements on a turnpike. There is } an average of more than 86,000 
vehicles with peaks of 125,000 vehicles per day. This c city on wheels is in 
‘motion, but it must stop at intervals for essential services, such as those pro- — 
_ vided by the facilities of a modern city: Buildings, food, motor fuel, accessories, — 
water supply, water treatment, commercial electric. power, stand-by power, 
“telephones, sewage treatment, , garbage disposal, comfort facilities, radio, heat-— 
ing (including stand-by units), air conditioning, lighting, parking, air, and Y 
- - water. All the foregoing are taken for granted by the city dweller. 
del cardinal principle has emerged: The public do not wish to leave a major 
highway in search of such facilities unless there are acceptable services along a 
well-maintained and marked route. Consequently, it is necessary tointegrate =~ 
rs = services into the over-all highway plan so that the motorist can be offered - 
complete satisfaction. id Searching for facilities in strange territory, particularly Pr 
os night with the probability of getting lost, is distasteful and unacceptable. 
Peel, oil, air, water, comfort, and repair services must be available at rea- aa : 
& SS interv als, and, if the highway } is extremely long, food facilities are nee- se? 


essary. Inaddition, fire > departments, towi ingservices, sleeping accommodations, 


wreckers, ambulances, , first- aid facilities, and “out-of-gas” roadside services 
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are required. Communications are vital—many \ women and or 
persons drive automobiles, and servicing arrangements should be designed to 


‘meet their. special requirements. rid of hotis nil 09 oval 
High-quality leadership is necessary in establishing policy to handle this 
problem, in order that the public interest can be served and procedures can ro 

Sess developed that will assure scrupulous honesty and impartial administra- a 
tion. To assure the greatest economic benefit to the public and to the business % 

community from the Interstate Highway System, operational planning for 5 

_ controlled-acces ess highways will revolve around existing services that are pri- 


vately owned and operated, so that highway construction will result in improved rg 
@ business and healthy land development. 


‘no Acquainting motorists with the availability of roadside services, as well as A 
shops or recreational facilities, is equally as important as placing traffic warn- & 7 
ing and destination markers. Dignified legible signs advising travelers in ad- _ 
a vance of the name of the community being approached and of the availability — 
_ of comfort, food, fuel, overnight accommodations, and shops are an acceptable = 
_ public service. In addition, a well-marked, adequate, and properly main- 
tained access connection from the controlled-access highway to the community — 
center is imperative. Parenthetically, m9 is necessary to develop some sort of BD 
> 4 system for advising motorists who are ‘‘on the fly’’ of available overnight ac- 
_ commodations. Certainly no motorist desire desires to leave the through highway 
r only to be , greeted with “No Vacancy” signs. © ‘Lack of positive information on 
_ where to find sleeping quarters tempts the motorist to drive beyond the fatigue — 
* limit, a condition which should be avoided. . By the same token no motorist — 
_ wishes to be directed to third-rate or ‘criminally dominated facilities. wa Road- 
side industry and community officials should assume such responsibillty. Ky a 


‘satisfy public | convenience, the state n may then 
_ areas’ adjacent to the expressway. Such areas might be planned in conjunc- _ 
7: tion with an interchange. _ Contrary to turnpike practice, it is believed that — 
state-financed areas could be provided on a . simple recovery-of-cost basis and 
. 7 - used merely to raise revenue. It is good policy to provide facilities _ 
The plan developed by ‘the New Jersey State Highway Department for free- 
_ ways and parkways provided that the state design the site; acquire the neces- _ 
_ sary land; and grade, drain, pave, and landscape the area aokine provision for 
= power, telephone, and water. . The site was laid out in lots, each suitable 
= a complete “‘gas station.” It was proposed at first to lease these lots on the 
4 = of competitive bids to individuals, who would construct the buildings, — 
4 gasoline pumps, and other accessories, at lease rates that would be sufficient to 
 jmaation the investment and provide annual maintenance. — Prospective lessees 
objected to constructing permanent buildings on land owned by others, and 
a the procedure was modified. The lots were offered at public sale, each going 
_ to the highest bidder, but not more than one brand of petroleum product was a 4 
_ permitted in each area. Building architecture and id signs were required to be 
_ approved by the state highway commissioner. me In pi practice ‘each site was laid 
3 with four lots initially, but with prov ision for two more, which could be 


added at at any future time, if necessary. 
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CONTROLLED-ACCESS HIGHWAYS 
ad Publicly madeidedi fixed -plant roadside service will probably be confined to ‘ 
providing fuel and food. ‘Facilities for, dispensing fuel, oil, and road acces-— 
r.4 sories are required on all highways, except for very short projects of less than 
i= 10 miles, although no general pattern can be, or at least, has been established. 
a Environmental conditions on each highway are d different, and a & service- area 
policy needs to be tailored to the : requirements 3 peculiar to each project. rosa 
Food service is required on the longer projects, particularly on those through | 
rural areas. — Again no rule can be applied, but it appears that food facilities Ry 7 
a _ would not be required wherever service is available at about 50-mile intervals. a 
__Deluxe-type overnight accommodations have not been provided (as of 1958) _ 
on controlled-access highways, and there is considerable doubt whether they 7 
are required. It is believed that caution should be exercised when providing 7 
sleeping accommodations. It is hoped that some workable solution to the 
a business 
that i is s particularly well suited construction and operation private 
_ Controlled-access highways on which service facilities have been integrated — 


= be divided into (a) toll-free freeways and parkways and (6) toll highways. a 
In the first case, service, not revenue, is the controlling consideration. _ In the A 


to the safety : and requirements not be provided. 
Such a policy sy should cut short any ere toward paternalism and restrict 
a 
In addition to fixed- plant service it is necessary to arrange- 
; ments for (a) patrol services for breakdowns and flat-tire and out-of-gas cases; “d 
(b) garages with repair, towing, and wrneking services; and (c) aid, am- 
bulances, and fire department equipment. The scope of the “gas” patrol is 
‘indicated by the yearly travel of 600,000 miles, resulting in aid to 28 7 
distressed motorists on the New Jersey Turnpike. In addition, in 1955, 


calls; twenty-two fire “companies, to 80 calls; and ambulance and hospital : 
squads, to 323 calls. pildn died sins ob de 
= In — controlled-access highways “co be constructed with a » median — 


forty-five private towing and repair garages responded to 15 000 emergency — 
4 


In urban a areas Many long viaducts will be For these reasons it 
isn necessary to provide operational facilities in the original design, 
pe police, towing services, wreckers, ambulances, fire department equip- 
_ ment, roadside gasoline patrol service, and maintenance operations require or, 
crossovers in the median. Without this flexibility, the effective operation of 
servicing units ¥ will not be satisfactorily feasible for both the operating forces 
the public. After police and maintenance-patrol districts have been co- 
ordinated, crossovers should be placed at section limits, where snow and ice an ue 
control trucks need to reverse direction, and to care for wrecking, fire-depart- 
ment, and ambulance services. Crossovers are woually needed at each end of di 
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lirection 7 
to clear all entrance and exit ramps. Hook 
“won -Extraordinarily wide medians with topography « or vegetation that. obscures 
a vision from one roadway to the other present operating problems to patrols — — 
and policing personnel. Crossovers at each end of such medians would permit 
personnel to make “loop” operations to detect broken-down vehicles, accidents, 
r criminal operations. If “obscured-view” medians are extremely long, in 


4 and other design features to reduce maintenance costs. For enforcement pur- 
poses, signs prohibiting public use are required. foiled a 
Between interchanges, there should be emergency ‘ “escape hatches’ at 
4 appropriate sites to handle the entry and exit of emergency vehicles and where _ 
public entry is prohibited. _ Emergency entrances are of great importance when _ 

_ disaster occurs. — These ramp points of modest and rudimentary design are 

~ Jocated strategically to the local road system, fire departments, ambulance 

- service, local police stations, garages, wreckers, and towing s services. In order 

to prevent unlawful entry into a controlled-access facility, the ramps may be. 
fitted with locked gates and keys distributed to dependable and responsible 7 
personnel. In addition to prompt entry of ambulances, fire | trucks, towing, 

garage, and police vehicles, it may be necessary to bypass maintenance and — 
—_ around trouble spots where many vehicles are stalled because of acci- = 


dents or unusual weather conditions. af Often motorists and truckers will aban- 


to get to the head of the line quickly and pull stalled vehicles off the roadway 
‘Special features may be required on long viaducts where adjacent develop- j 
ment precludes plowing snow over the side. such viaducts 2 


don vehicles in the roadway, thus blocking all movement, and it is —— 


7 ab public. - Sleepy and tired drivers need to ) pull off the highway for rest and te i: 
sleep. Other motorists desire to eat a packed lunch and relax during the — 
journey. Rest areas should be set back from the highway, preferably with 

shade trees, picnic tables, public telephones, water, and comfort facilities. a 
- Fencing may be required to prevent small children from venturing onto the - 3 
a. adjacent main roadway. _ Acceleration and deceleration lanes are required for — 
exit and entry to the highway. dpi | 
Bus stations set off to one side, with adjacent p: parking yards contiguous to 
al the street system, will be necessary on many parts of controlled-access high-— - 
ways. They: ‘must be equipped with acceleration and deceleration lanes. 
Unless mass transit is encouraged, it will not be possible for highway facilities e 
 to'meet ‘peak-hour morning’and evening demand. = 
Pedestrians ‘often do not understand the hazard of crossing wide modern _ 
highways, nor can’ they judge the speed of approaching vehicles. At sites - 
where pedestrians ‘will cross regardless of regulation, but where a grade-sepa- 


= vehicular crossing | is not justified, overhead pedestrian bridges provide a a 


solution. "These structures be light, of suspension design with 
hee 
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an open floor to snow loading and icing hazards. In areas it 

be necessary to enclose the crossing with wire mesh to prevent stones being 
- thrown at vehicles passing below. Where feasible, such bridges should have 
4 ramp approaches rather than steps, and these approaches § should be no steeper — 


than 10% g radient. _ The public do not like to use steps and will often walk 


Bridge railings in urban areas have much public Highway 
4 ‘ees in an effort to > design sightly structures that are aesthetically pleas- = 
_ ing, have, at times, produced a railing that parents believe is hazardous to ao 
a small children. Rails with openings that toddlers can crawl through or roll / 
under -and that older children can walk ‘on have been the subject of attack. " 
a ‘Right-of-way fencing to define the limits of public property, prevent un- | 
lawful entry, and prevent stock f from straying on the highway i is receiving atten- 
tion. Generally farm-type fencing ‘is adequate for this ‘purpose. In urban 
areas: where there are children, the chain-link type may be required, and, in a 
. special cases, it may be necessary to provide from 6-ft-to-8-ft chain link that is a - 
‘surmounted by barbed wire. At deer runs, fences that are 12 ft high or — - = 
_ 4 re required, and, in some cases, underpass culverts may be necessary to allow -. 
_ the deer to cross. — Deer are becoming so numerous in the United States —_ he 
they present a serious problem m because of the accident potential. 
1. _ The problem of utility crossings also requires mutual cooperation i ale ae 
: between utility owners and the highway department. Such crossings a a 
; should be planned so that it will be unnecessary for utility employees to work 
_ within the highway right of way after the initial installation. _ The hazards to | 
_ these employees and the public are so great after the highway is opened to — 
traffic that full cooperation should be assured. - Underground crossings can i 


be put through in outer sleeves. m In cases of breakage or need for replacement, S 
a the utility line can be withdrawn from the sleeve while working outside the _ 


= “for interchange expansion. | ‘Property 3 is quite inexpensive at that time, and it : 
i t. surprising h how quickly traffic expands to the point where additional facilities a 


are needed. 
| 


This also applies to right of way required for future widening. __ 


_ Maintenance on an expressway is different from that on k bial rural sll 7 
not only because of heavier traffic volume and high-speed operation, but ie 
drivers utilizing the feel have the of way | and are in- 


a is necessary, not only for ‘efficiency of operations and conservation of labor, a 
but also to promote public safety. When machines are re equipped properly and 


a operated carefully, they reduce maintenance hazards. _ For these reasons itis 


necessary to re-evaluate maintenance “procedures that use special measures 
when maintaining controlled-access roadways. 


— 

= 

4) 

| 

4 
23 

| 

— 
a 

| 

=| 
— 
— 

— 

— 
— 

4 
— 

— 

— 


»y o sk should be analyzed to determine whether | it ean be accomplished 
“effectively | by machinery or other mechanical equipment. For example, ice- 
control chemicals and abrasives can be handled by one-man special- body 
trucks: that are equipped \ with ‘mechanical spreaders controlled by the driv 


Bcew by the high degree of service required on modern highways and to assure = 
peakefficiency. The trucks can be loaded in 10 min by ‘mechan-— 
ical loaders or by overhead storage bins. of The 
_ Wherever standard commercial equipment is not available on the market — 
for particular tasks, special equipment can be developed i in cooperation ¥ with 
Feasible preventive maintenance must be into the expressway. 
_- High-quality, tough, and durable pavement requiring a minimum of surface 
mai maintenance is desired, and hard-surfaced flanked by 
= wy grass-covered berms eliminate scraping and blading. — This i increases safety to ‘ 
_— = motorist who must drive onto the shoulder at “high speed, in addition to 
eliminating the frequency of men and equipment on the shoulders. There 
should be no open ditches, sind, except in rocky or ‘mountainous areas, side 
slopes that are to be mowed should be no steeper than 3:1 with all “breaks” __ 
rounded. Erosion control i is a very important factor in the large areas involved | 
trunk-highway construction. All slopes and disturbed areas should be 
é planted with grass seed, and clearing should be onrried back sufficiently ae 


grading at ‘drainage structures should be ‘not for increased 
vehicle safety, but to facilitate the movement of grass-mowing machinery. | 


4 _ Drainage-pipe systems (including inlets) that are designed on the self-cleaning - 
-¢ "principle » with a minimum velocity 0 of 3 1 ft per sec when flowing one-third full 


is extremely important, particularly i in wide medians in which there is much .° 
All maintenance conducted within the roadbed from shoulder to shoolder 
must be surrounded by safeguards to reduce accidents to a minimum, particu- | 
larly those involving travelers. Large | signs repeated | at at regular in intervals and 
traffic cones should be used to mark every operation, and flagman protection — 
essential. Elaborate arrangements and flagging services are but 
- they are worth while from the ‘standpoint of — safety. a 
vd The “following-truck” principle is utilized when traffic lines are “painted, 
P “ work is done within the roadway areas, and grass is mowed on narrow medians. 
_ A typical arrangement is as follows: All pavement-traffic paint lines are peed 
a large truck applicator. ‘The’ supervisor's truck follows immediately 
- behind it, and behind this truck is one that places traffic cones at 50-ft intervals. 
The latter has an 8-ft-by-3-ft sign reading, “Caution Men Working.” " At the 
beginning o of the operation where the paint has dried, there is a fourth truck — 
‘ on which is mounted an 8-ft-by-6-ft sign with letters ranging from 12 in. high _ 
to 20 in. high with the message, “Slow—Keep off White Line—Keep Right 
Lett) m. p. h. n addition the two preceding signs have red fashing 
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sign, 6 ft by 4 ft with 10-in. letters reading, “Single Lane—4 Miles.” 


VID YT ASIAGMA 


even in e of somnolent because the | signs are visible 
4 for approximately 1 mile ahead. _ Work on : oe pavement on dense traffic — 
4:00 p. n., or traffic tie-u ps would be intolerable. ‘Itw is attempted 
those hours, more traffic than can be handled by the restricted roadway causes 
q 2 _ vehicles to be backed up and stopped, thus inviting rear-end collisions, —__ = 
, rr There is evidence e of 1 motorists who continue driving on the road after 
- reaching exhaustion ‘and who are in a somnolent state, often actually dozing . 
at the wheel. Although police are constantly on the alert for these +s snilll 
enough of them remain undetected to be a ‘menace. Therefore, maintenance 
operations must be planned and ‘safeguards set up in anticipation thata driver 
_ may drive straight into a stopped vehicle, sign, or other object in the road. 
For example, flagmen must stand clear of signs and barricades because they 
_ would be endangered by flying | pieces, and they must always stand facing 
= watch each approaching: vehicle, and be constantly on the alert. All 


fety and comfort 


_jumbowsae flashing red lights, ‘usually operate i in echelon, “floating” in the il 


traffic stream. special arrangement is needed at interchanges for prompt 
= snow and ice control. An interchange plugged w with stalled or stuck  Vehioles 
during an ice or snow storm can cause a vast emergency. 
eee Weather reports are used extensively to give the maintenance man advance 7 


: 4 knowledge of the weather. _ More and more states are using - specialized, per- a Os 
sonalized, professional weather services. A foolproof system of dissemination 
is essential. Many states have made arrangements with commercial radio 
stations to broadcast : adverse weather and road conditions as a public service 7 


thus adding immeasurably to convenience and. safety. 


ighway transportation is entering a new era in which operations will as- 

new and challenging proportions. The new tasks and responsibilities 
- generated by the e expressway may seem great, but when they are viewed from 
the standpoint of public service involving the comfort and safety of the prev. 
as public, they are worth while. , _ These ‘developments should be welcomed, 
not feared, because they demonstrate the dynamic character and maturity 
of highway transportation, especially with respect to the reduction in in- 
juries and death. Adequate designs and alert operation and ae 
will help. such accidents as evidenced on the New Jersey Turnpike, on which 

4 in 1957 the fatality rate was 1.99 per 100,000,000 vehicle-miles compared © 
with the national rate of approximately 6. 0, and on which there \ wan anaccident — 
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LABORATORY IN- SITU PERMEABILITY 
q By CHARLEs I. _MANSUR,? M. _ ASCE cis 


~f- Seepage analyses and design of seepage-control measures require a reason- 
ably accurate knowledge of the coefficient of permeability of the soil. The re- 


sults of laboratory tests on remolded sand samples are compared with permesbil- 
ities obtained from field pumping tests. _ The permeabilities of the individual — 
sand strata were determined from drawdown curves: and from flow from the 


main in ‘the analysis and design of measures to seepage 
beneath dams and levees that are underlain by strata of pervious sands is the — f a 
_ correct determination o of the vertical and horizontal coefficients of permeability ~ 
of the various strata. This knowledge is necessary for drawing flow. nets, 
determining “effective” penetration of relief wells, and computing seepage 
has long been realized that there is a significant te in the vertical 


‘ and horizontal oe of a given sand stratum as well as a variation be- 


Ly 


4 from bailer or split-spoon borings; (6) tae permeability tests on ne 
samples from such borings; (c) falling head tests? in a well or  piezometer ; i 
@ pumping tests on partly or fully” penetrating wells. The horizontal or 


vertical permeability of any given sand stratum is usually either guessed or 


In 1950 a field sampling was developed that permits undisturbed 
~ \f sampling of sand either above or below the water table at reasonable cost. ¢ ; 


ai Nore.—Published, essentially as printed here, in January, 1957, in the Journal of the Soil Mechanics 
and Foundations Division, as Prodeedings Paper 1142. Positions and titles given are those in effect . 


the paper was approved for publication in Transactions. “a4 
4 Viee-Pres. and Chf. Engr., Independent We point Corp. Baton Rouge, La.; formerly Asst. Chief J 

Embankment and Foundation Branch, Soils Div., aterways eerste Station, Corps of Engrs., U. S Rad a ] 
*“Time Lag and Soil Permeability in Ground Ws Water Observations,” Bulletin No. $6, Waterways Ex- 
periment Station, Corps of Engrs., U. 8. Dept. of the Army, Vicksburg, Miss., April, 1951. 
*“Undisturbed Sand Sampling Below the Water Table,” Bulletin No. 35, ‘Waterways Experiment 
4 "Station, Corps of Engrs., U. 8. Dept. of the Army, Vicksburg, Miss,, June, 1950. A> 
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transporting these samples to the in vertical position 


them while they are still in the tube, reasonably accurate vertical 
of relatively fine sand samples can be obtained. The accuracy of such tests on ~ ; 
= medium or coarse sand is sometimes questionable because the ‘drilling mud used hy has 
with the sampling procedure m may penetrate the sand ahead of the sample tube 2 
or follow its cutting edge as it is pushed down, thereby eae the ie 
sample and, possibly, ducing its permeability significantly. 
tae The writer has determined the in-situ horizontal permeability | of various : 
sand strata in the alluvial valley of the Mississippi River by special pumping 
oe i tests. _ These tests were made in connection with the design of relief well sys- 


tems along levees in the St. Louis age District, Corps of Engineers, United 2 


45 miles south of Natchez (Miss.) was also involved. The horisontal in-situ = 
permeabilities of the various sand strata encountered were determined by) mea-— ALY 
_ suring the flow in a fully ; penetrating , well screen by a a sensitive well-flow meter P = : 
at the boundary of each sand stratum as previously delineated by a boring ia ~ 
each site. From the flow, q, into the test well from each stratum, the th thickness, — 
—d, ‘of the stratum, ‘the: drawdown in the well, the radius of the well, ‘and “ll 
radius of influence (or distance to known points of drawdow n), the horizontal a 
permeability, ku, of the s stratum being tested was computed from the ——_ 


formula for artesian flow into a well (the ‘nature of the formations ¢ causing ge 


1 


- _eeoete the distance from the well to the » drawdown ¢ observation, hi; hel is — 
drawdown at a distance, r;, from the well; and nd he denotes the drawdown at 

, Mechanical analyses sand laboratory permeability tests wi were made on ancl 
4 g from different sand ee obtained by auger, bailer, and split-spoon — 


obtained during ‘the well drilling. An attempt w was as also made to correlate the 
permeability coefficients determined in the laboratory and in the field with the _ 
tion of grain size of the various strata. The tests also included a determina- 
tion of the specific yield (flow per foot of drawdown i in the well) of each se a 
_ drawdown versus time of pumping at a constant rate; drawdown curves to each 
well at various rates of pumping ; flow versus drawdown; and hydraulic head — 
losses through the filter, screen, and in the well. 26 
_ The methods used for taking the samples and ‘installing the wells, results of | 
- the laboratory ( tests, procedures f for making the field pumping tests, and results 
of the pumping tests are described herein. The permeabilities obtained in the : 
laboratory and in the field are 
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= bearings, an adapter for centering the yoke in the well, a cable <a 
lowering this assembly to any desired depth, and an electrical system for count- 
ing impeller revolutions. The meter was calibrated by observing the rate of _ 
impeller revolution (determined meee at known rates of flow in a vertical 
As holes for the wells were advanced, ieaiantiad: were taken from the drilling 7 
effluent or bailer, depending on the method of installation. - With the equip- 
ment used, it was not possible to install wells H-151A and FC-105 to the full 
depth of the sand aquifer because of large cobbles near the bottom of the — 
valley. After the > wooden we well screens were installed, a specially designed and 
prepared filter gravel was placed around the slotted wooden screen by a tremie im 
pipe. The wells were then developed by use of a surge block and pumping. 
= Piezometers to Measure the drawdown to the wells were installed in 
3 upper part of the sand aquifer on ranges that were perpendicular and parallel wi - 


to the river. Only data obtained from the latter ranges are included herein. _ 
_ Special piezometers v were installed at various depths at the outer ' periphery of 
~ the g gravel filter around wells H-151A and FC-105 to measure the loss in — 
_ through the filter and screen and in the well (Fig. 2). Others were installed on 
a line from well OR-1 i in both h the upper and lower sand strata found at the site. moh d 
& Before ¢ any of the wells were installed, an exploratory boring wa was made cand > 


effluent of ‘the. reverse rotary operations. Grain-size ¢ curves ob- 
eye. from these tests are shown in Fig. 4. The reference numbers shown on an 
the grain-size curves correspond to those in Figs. 2 and 3. _ The effective grain 
size for the samples tested are re also shown in Figs. 2 and 3. Ta ry. 
ce 
_ The permeability coefficient was determined in the tabteatory on several i. 
-remolded samples obtained by the various methods previously described. The Eo 


pee * “Waterways Experiment Station Relief Well Flow Meter,” Miscellaneous Paper 5-83, Waterways ee 
» Experiment Station, Corps of Engrs., U. 8. Dept. of the Army, Vicksburg, Miss., April, 1954. oa ae ; 
*“The Unified Soil Classification System,” Technical Memorandum 3-357, 
: a = Corps of Engrs., U. 8. — of the Army, Vicksburg, Miss., March, 1953. ; 


Table Fig. 1 shows a section of wooden well screen used in wells H-151A and 7 
‘The well flow meter® used to measure the flow in the screen consisted 
i 
— 
ima 
— 
4 
— 
q 
| _ tory tests and determine the stratification of the sand aquifer. A 085i — B 
sampler was used to take samples in a mudded hole at wells H-151A and FC- 
105, and logs of these borings are shown in Fig. 2. A 3-in. Shelby-tube sampler 4 
_ was used to take undisturbed samples of sand in borings LS-2 and L8 adjacent ‘ 
well OR-1. Fig. 3 contains logs of these borings. — 
' g All samples obtained from the borings and well-drilling operations were _ i : 

¢lassified on the basis of the Unified Soil Classification System’ and are plotted 
in Fig. 2 and Fig. 3. Mechanical analyses were made on samples taken by the 
— 
q — 
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J results are plotted in Figs. 2 and 3 at the corresponding elevation at which the | 
- sample was taken. ll the tests were made in a constant-head permeameter. 
Samples obtained by a split-spoon sampler in a mudded hole were thoroughly 
___ washed before testing to remove any traces of drilling mud, and care was taken — - 
that no natural “fines” were lost during the washing. 
permeability coefficients (kz) determined in the laboratory on samples 
taken at wells H-151A and FC-105 were adjusted to the estimated natural void | 
in | Void | Dyin | Void | Dyin Void 
millimeters | ratio,e | millimeters | io, millimeters | ratio, 


eo * This correlation is actually for peak grain diameter, Dy, rather than for Ds. However, Dp = Dw. a 
“Potamology Investigations, Summary Report of Soils Studies,” Report No. 12-2, Waterways Experiment 
Station, Corps of Engrs., U. 8. Dept. of the Army, Vicksburg, Miss., October, 1952, ts” 
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to a temperature of 20° In Eq. 2, ke-n is the adjusted 
permeability ; e, represents the estimated natural void ratio; and ez is the void | 
ratio of the laboratory sample tested. q The ‘permeability tests on samples 
_ obtained from the borings at well OR-1 w were run at two or three different void _ 
ratios. The permeability at the estimated natural void ratio was interpolated 
_ from these data. ' The natural void ratio of each in-situ sample was estimated i 
from the Dererain size of the sample from the correlation given in Table2. 


i het to any r of the pr pumping tests, the ground- mater table in ‘ 
“aaa vicinity of each well was determined by reading adjacent piezometers and 7 x 


wells previously installed on a line out from the test well and perpendicular to a 


line of seepage flow from the river. The water-surface elevation of the 
_ river during the day the test was run was also determined. In general, the river . 

stage | was quite stable except during the test on w well FC-105 when the river fell fi 4 

ata rate of 1 ft. per er day, resulting i in a change i in the -ground-wa water table of | 


_ piezometers were adjusted to take this is change into account. irs elie ng 

~ , The pumping tests consisted of pumping each well at three different rates of ry 
_ flow and measuring the drawdown in the well and in the adjacent piezometers = 

and wells. An accurate record was kept 0 of the flow and drawdown with time — 


_ approximately 0.1 ft per day. The measured drawdowns in the well and ot ; 


(Figs. 5(a), 5 (b), and 5(c)). _ In pumping, an effort was as made to set the pump ‘a 


at a constant rate of discharge and to let the drawdown, in and adjacent to the 
well, become stabilized. After this stabilization, the piezometers were read + 
(Figs. 5(d), 5(e), and 5(f)). _ The flow in the well screen was also measured =. “4 

specified intervals or at changes i in sand strata with the well-flow meter. Head» re 
losses through the filter and screen plus those inside the well were measured for for 
wells H- = and FC-105 by the special Je2niemK cited — 


“The flow to the test wells was essentially upper lower 
_ impervious strata bounding the principal sand aquifer, and the fact that the 4 
_ water in the well was not drawn down below the top of the main sand stratum. 
As would be expected for artesian flow, the drawdown stabilized quite rapidly 
_ ataconstant rate of pumping. Approximately 80% stabilization was achieved 
in from 15 min to 30 min with almost full stabilization i in 2 hr. al eer, 


P are shown cox ttenn constant rates of pumping in n Figs. 5(d), | 5(e), and Bf). 
The elevation. of the water table immediately prior to pumping is shown in 
Figs. 5(d), 5(e), and 5(f). The drawdown curves s when plotted on a semilog — 
‘graph are relatively straight lines. slight curvature within 20 ft of wells: 
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OF SAND 
down curves with the outer periphery of the filter or screen ier well oa) 
= the elevation of water in the well reflects head losses into and within the = ve 


mg 


. In this connection the tips of all the 1e piezometers, except those adjacent 
to the filter gravel (wells H-151A and F C-105) and at El.—90 (well OR-1), were a 
at the upper part of the main sand aquifer. «dItis interesting to note that the 
drawdown curves obtained from the ¢ deep piezometers at well OR-1 are essenti- 
ally parallel to, but slightly above, the curves obtained from readings of the — 7 
upper piezometers. ‘The vertical difference between the two curves for the 
‘same rate of p pumping is approximately equal to the head loss inside the well = 
‘screen between El].—10 and El.—90. The radius of influence was approxi- 7 
mately the same for the different drawdowns tested 3) 


Distance to iit Radius of influence =] 


river bank, parallel to river — 
infeet | bank, in feet 


1,000 to 1,100 


‘The yields for the test wells are plotted in Figs. 5(g), 5(h), and for 


various drawdowns. specific. or specific capacity (flow per foot 


Specific yield in gallons 
4 per minu' 
bis 
The The drawdow n-well-flow curves shown are straight lines for flows of as much ¥ 


| as approximately ¢ 400 gal per min, thus indicating g that the flow to the test wells 
essentially artesian, The reduced i increase in flow for draw- 


within the well screen and riser pipe from the 
. a The head loss through the filter and screen, as measured by piezometers at 
the outer periphery of the filter gravel for wells H-151A and FC-105, is plotted — 
in Fig. 6. The flow through the screen at the piezometer tips was obtained - 
from well-flow-meter readings made in the well screen immediately above and a 
below the tips. The head loss through the filter and screen as plotted in Fig. 6 
was taken to be equal to the piezometer readings minus the elevation of the | 
a water in the well, minus the computed hydraulic head losses in the screen and 
: _ riser pipe from the elevation of the piezometer tip to the bottom of the suction — = 
pipe in the well. As may be noted from Fig. 6, the head loss through the filter _ ‘ 
and wooden well paren was quite small—only about 0.10 ft to 0.25 ft for a flow ' ; 
; , of 10 gal per min per ft of screen. These losses compare quite favorably with “ 
those measured ‘for a similar well and filter installed i in a specially « constructed 4 
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testing tank set up in the aboratory.’ In these tests the head loss 
i _ through the filter and screen was approximately 0.25 ft for a well discharge of Y * 
‘4 10 gal per min per ft of screen. The slightly higher e entrance loss measured in . 
the laboratory is due to the fact that the laboratory test well had an inside diam- 
“ eter of 6 in. with a total open area of slots of 10.5 sq in. , a8 compared with the a 
27 sq in. per lin ft of screen of wells H-151A and FC-105. Mice 
ae 7 _ The lengths and depths of the screens for the various test wells in relation to 
_ _ the depth and stratification of the sand aquifer in which the wells were installed — 


“= are shown adjacent to the well log i in Figs. 2 and 3. The locations at which ~ 


Note: No measureable screen entrance loss at 
piezometer PK-25 at approximate top of 
-_- Piezometer PK-28 at approximate center of 
well screen at El. 314.0 


Piezometer PK-12 at of well 
i 4 Piezometer PK-13 at approximate middle 
Of well screen at El.318.0 ve 
Piezometer PK-14 at bottom of 


well screen at El. 258; ¥ Piezometer PK-14 


Note: Piezometers located at outer 
periphery of filter gravel 


@) WELL FC- _ Piezometer K-12 


ough filter a 


Head loss through 


Flow screen per foot of screen, in gallons per minute a 


Fie. 6.—Hzap Loss Taroves Fiver . AND Screz 
_ well-flow- meter readings were taken and their relationship to the stratificati n 


oft the sand aquifer are also shown in Figs. 2 and 3. by 
a The permeability coefficient of individual sand strata, obtained from the 
~ pumping tests and well-meter readings and computed by Eq. 1i is plotted as a ‘ 
~4 _ bar graph to the right of the well log i in Figs. 2and 3. z The average permeability — 
wa t of the sand aquifer is also plotted as determined from the pumping tests, to- 
m ig gether with the coefficient of permeability as determined fr from laboratory teste 7 


on samples taken from the various sand strata. * 
ANALYSIS OF LABORATORY AND FIELD ‘Test fw 


tent) 22 ae we ta «forte 


The mechanical analyses and laboratory permeability tests made on samples _ ; 
of sand from well-drilling effluent taken from wells H-151A and FC-105 w ere 


 ™“Control of Station, Come Relief Wells, Trotters, Miss.,"" Technical Memorandum $-341, Water- 
_ ways rs Experiment Station Engrs., U. 8. Dept. of the Army, Vicksburg, Miss., April, 1952. — ery 
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same general stratum were not only quite uniform with but 

‘horizontally between borings at this well, which were 50 ft apart (Figs. 8 and wy 
400). A comparison between the values of and (laboratory permeabil- ee 
_ities and field permeabilities) based on averages of the data ta shown i in Fig. 3,is 
’ _ given in Table 4. Dyo is the effective gre grain rsize ( 10% of the gr grains being smaller 


&,-value, 
from — 


to 


408 to 
ihe 


NNO 


than this Desi is grain s size of the grains ns being smaller tha than 
_ As indicated in Table 4 and Fig. 3, for the uniform sand strata at well OR-1, 
‘there was excellent agreement between | both grain si: size (Dio and Dss) and per- 
 meability of sand samples, as determined from samples obtained with : a 3-in. 
_ Shelby-tube sampler and a bailer. This agreement is attributed to the orn 
cia ity of the sand strata, the uniform grading of the esand, and the careful sampling py 
= of the material brought out in the bailer. However, although there was little 
4 ‘difference in the laboratory permeabilities of the Shelby-tube and bailer samples, — 
- some of the sand grains smaller than the No. 100 sieve appear to have been lost 
4 from the bailer samples (Figs. 4(c) and 4(f)). 
‘Wherever the grain size of the sand strata varies with pier or 
_ wherever the sands are more widely graded, samples obtained with either a 
 piston- or flap-type bailer are not as ‘Tepresentative as those obtained with a 
split-spoon or Shelby-tube sampler. 


eg Although there was considerable variation in the permeability, as measured 


by the: tests within a given sand stratum of the 


a sufficient to permit a comparison of the campling. 
— tained from split-sp q 

— laboratory permeabilities with samples obtained from split-spoon sar Id not 
— oratory tests had been made, comparisons probably would no 
— if more laboratory tests had been a 
Event i f stratification and variation of 
in size i d strata at the well sites. 
- At well OR-1 the variation in grain-size characteristics within any spe 
— 

— 

— ie 015 | O31 | 8 | 215 | if 

— = Sin, Shelby-tube sampler and B = bailersampler. 

— 

— 


nite relationship existed between the classification (or and “a 
would be expected in the alluvial valley of the Mississippi River, permeability — aE: 
increased with depth at the test-well sites. = 
_ Although the permeability of the bottom ‘strata in well H-151A that was tes 


+ 


upper strata, the actual permeability of the bottom strata is probably as high 
Ba as that of the strata immediately above it. A possible explanation for the , 
apparent lower permeability is that the well screen did not completely pene-— 
trate the bottom strata for this well, and, thus, there was less flow into this 
part of the well screen than there would have if the screen had 


WB-151 WB-105 WB-1 Sampling method 

@ 3 in. shelby 

= 2% io Effluent from reverseh 
it 


Well FC-105 (Dy f from boring WB-105) 


@ Well OR-1 (Dio from boring wB- 1, momet 
LS-2 and L-8) 


stratum, cm pe 
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(6) LABORATORY 
PERMEABILITY 


Fic. 7. CoxFFICIENT Versus GRAIN 


Coefficient of 


par a on wells H-151A and FC-105, and on other wells installed Ka 
> >} St. Louis south for 100 miles, show that the principal sand aquifer i in the alluvial — 
valley of the Mississippi River has a pern meability (ku) that ranges from abou 
1,000 x 10+ em per sec ‘to 3,000 x 10+ *cm per sec. Similar tests in the allu- 
vial valley at Commerce (Miss.)* and Trotters (Miss. (approximately 38 


aa miles and 70 river miles, respectively, s south of Memphis (Tenn.)) showed i 
principal sand aquifer at these sites had a ky-value of 1 000 X 10cm per 

and 1,200 x 10~ cm per sec, respectively. Similar tests at the Old 

OR-1, which i is approximately 45 niles so south of Natchez), it indicated a 


ae the Mississippi River valley conforms to the normally associated ae 


8 “Investigation of Underseepage and Its Control—Lower Mississi pi River Levees,” Technical 
othe “Dept. of 


rendum 8-424, Waterways Experiment ‘Station, Corps of Engrs., “es 8. he Army, Vicksburg, Miss. i: 
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PERMEABILITY OF SAND 
The coefficients determined in the 
samples are plotted at appropriate elevations on the bar graphs in Figs. 2 and 
os _ In general, little agreement was found between the permeabilities deter- 
mined i in the laboratory on remolded samples and those obtained from the field 
a = tests. However, there is no reason why the permeabilities should — 
i agree, particularly wherever | the aquifer is stratified and there are lenses of _ 
- eoarse sand and fine gravel. . Generally, the field permeabilities for any given 
stratum exceeded the permeability determined normally in the laboratory a 
ae _ Fig. 7 shows plots of effective grain size versus coefficients of permeability Bf 
that were determined in the laboratory on remolded samples and from pumping __ 
= on approximately 100% penetrating well screens. In Fig. 7 the Dio-value — 
for the pumping test is the average for the specific stratum. Con- 


_ siderable scatter of points is apparent for both sets of curves. No attempt was 
made to relate the permeability measured i in the laboratory or field to the uni- 


the w wider the gradation of a given ‘the lower its permeability. 
an On the other hand, some of the widely graded grain-sise curves plotted in Fig.4 
_& really represent a mixture of alternating strata of fine ort medium sand and . 
coarse sand or fine gravel, ‘and such} deposits may have horizontal coefficients 
“— Fig. 7 is not considered to be particularly accurate, but, in the absence of 
pumping test data, the graph showing the relationship between the Dy-value 7. 
_ and field permeability, kz, may be useful to engineers concerned with Seepage, - 4 
water supply, or irrigation problems i in the Mississippi River valley. 


Laboratory tests on sand samples, regardless of how 
was obtained, do not give reliable permeability coefficients for estimating the * 


_ Seepage o or water-carrying capacity 0 of sand strata in the Mississippi River valley. mw 
tn uniform sand deposits, samples | that are reasonably reliable in so far as i 
pain characteristics are concerned, can be obtained with either a Shelby | 
tube, a split-spoon sampler, a bailer, or even from the effluent of a@ reverse” 
rotary well rig, provided that the sampling is properly accomplished. a However, 
some sand grains that are smaller than a No. 100 sieve may be lost in bailer 


= or in the effluent from a reverse rotary well rig. For stratified de- 


= 


posits or wherever the are more a Shelby -tube or 


at strata changes | within the « screen. ue ‘Such change may be determined i. a 


4 nearby boring i in advance of the test, or bya log as the hole for the well i is a 


permeability of sand strata ‘in the Mississippi River v valley may be 
estimated reasonably accurately from the 1 relationship between values of Dy 
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‘BLOW CONTROLLER FOR CLOSED 


By VICTOR L. STREETER,» M. ASCE 


infinitely adj ustable its range and holds the to 


"meter with a a linear head-discharge e curve nll adjustable range and sensitivity. 


ble y. 
Experimental work is presented to confirm the theory. 


‘The combination | of a disk moving within a edie throat and a nonlinear 


; resistance to support the disk against the pressure drop results in a principle of _ 
3 flow control that is infinitely variable and theoretically exact (that is, with no — 


4 change i in discharge or drag coefficients). By Teversing the throat section and 


measuring the head across the disk, the device is converted into a flow meter. — 
7 The underlying principles of single-orifice flow control are outlined herein before = 


the specific relationships | and design data are developed. An ‘model has been 


- constructed and tested in the hydraulic laboratory of the University of Michi- 


4 gan at Ann Arbor. The results are presented for both the flow controller and > 


Notation —The letter adopted for ‘use in this paper are ‘defined 


_ where they first appear, in the illustrations or in the text, and are arranged 


alphabetically, for convenience of reference, in the Appendix. 


An orifice flow controller must act to hold the discharge, Q, constant in the 


| Nore. —Published, essentially as printed here, in August, 1956, in the Journal of the Hydraulics Divi- 
sion, as Proceedings Paper 1087. Positions and title 


les given are those i in effect when the paper was approv red a 
* Prof. of Civ. Dept., Mi 


Ann Arbor,Mich, 


% — 
— 

— 
— 
general principle of flow control, utilizing a nonlinear resistance, is de- P 
— 
4 
— 

a — 
— 
a — 

= 
— 
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% ‘ changing the orifice area, A, as the head, | h, varies over its design range. 
_ _‘The term, C,, is the discharge coefficient and g denotes the acceleration a 
by gravity. Assuming the discharge coefficient to be constant, the area must 


vary inversely as the square root of the head. For a control that is meant to 
me at § a single discharge only, this may be accomplished by use of a linear 4 


Fra. 1.—Lawear Spaino gives 2.—Heap-Discuance Curves 
_ spring assembly such as that shown in Fig. 1. A head across the device dis- 
_ places the disk, thereby altering the net area. oo "Therefore, the throat must be ; 


= profiled so that the discharge is held constant. ia 


ae If one attempts to make a variable flow controller from this device by vary-— 
Sy ing the position, z, of the spring base, BB (Fig. 1), the dimensionless head-dis- 


id charge curves appear shown in Fig. being the 
design discharge; ho, the minimum design head; and 


4a, the ratio of maximum design head to 


4 selecting approach, “although still io 


ah 3 _ taining a linear spring, the throat profile may be he 
a so that the discharge i is the same at mini- 
mum and maximum heads for any setting, within 
T its: size range. However, the discharge at interme- 
seit meth ‘diate heads varies from that at the end points, 
nal indicated in Fig. 3. In order to obtain the area re- 
quired a as & function of (Fig. 1), one can let Y 


the displacement of the disk for head Meee tees ho to ho n—that i is, from 


Q/ Qmin 


3 


4 which must hold for any setting, i z, of the spring beets tery _ Because the area of © 
orifice opening is a function of z’ only, 


aie this relationship must hold for ‘any initial value of 2’, a Jaw of variation — 


of A with z’ of the following form is indicated: 


| 

“fl 
tm 
: 
ay 
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— 


te sth 


- in which Ap is the area of the opening g between the disk and throat when x 


In order to improve the accuracy of this control for the same head and dis- 


_ _ charger range, two linear springs may be introduced into the assembly, : as as shown 


4 


dow 


ty ores i i 


spring only as the head varies to ho Vn, and is displaced t the remaining 
ie Y/2 as both springs act with the head changing from rhe Vn t to hon. 
This arrangement results in a dimensionless head- discharge « curve, Fig. 5, in 


which the control is accurate for three heads and the maximum error has been 
ay By taking n linear springs, the first acting over the distance, Y/n, the first F 
and second over Y/n to 2 Y/n, and the first three over2 Y/nto3Y/n,..., 
with the corresponding head ranges, ho to ho n/*, hon" to and ho 


the discharge is maintained the same at n+1 heads, with the 


maximum variation in discharge « decreasing as n increases. By increasing n 
indefinitely, a theoretically | exact flow controller is obtained, and the spring ¥ 


Basic Equations FOR NONLINEAR Resistance ConTROL 


The basic equations: for the flow controller have been derived by the writer 
in 1 & previous paper2 One form of the nonlinear resistance flow control. — 
by V. L. Streeter, Instrument Soc. of America, 


.2“A Quick Response Variable Flow Control Device,” 


in which Ao and a are undetermined constants, and ¢ is the be = - 

= 

4 — 
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Fig. 6 it is evident that 


es disk position (the area of opening between the disk and 


ig.6. The spring element i is of the restrained- -tip 
_ which the two leaf s springs § are forced together bys a profiled backing that shortens e 
their effective length. ‘The spring element is a distance y = Y apart at mini- — 
mum head, and dy= 0 for maximum head. By rotating the 2 


ov’ 


Profiled spring 
backing 


Leaf springs 
Z 


_ throat being a function of z’ only), and y is a function of the pressure drop me 
the disk only—that i is a function of h only a 
For any setting, z, 


ad? 
or, because A = f(z’), gid bony oat Ww 78 


ead f(z’) = Vh + dh + dy) (9) 


asa change i in Ah causes a change i in Ay and Az’ = Ay for constant z. Express-— 


4 ing the area of opening, fo as an exponential funct tion of z’, as in Eq. 4, results a 
(1 0) 


q in which a is, as yet, undetermined. Substituting Eq. 10 into Eq. 9 ond solving 7 


sxpanding | the logarithmic term into a series ‘and taking the limit as Ay ap- 


WS 


— 
4 val 
— 

— 

Te 
— 

= 
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Because a is: a function of 2’ oie and yisa function of h only, Eq. 12 showsa 
— function of 2’ that is equal to a function of y’. _ This is impossible because of © 


Eq. 7. Therefore, both sides of Eq. 12b mu must be constant. 


_- Using the end conditions, h= ho, y= Y, and h = hon, y = 0, both a and out : 


VE le laa 14a) 


which yields the ite for the given arbitrary | setting, z, and d shows that Q 


Fr 1G. 7.—Nortation ror Disk 
For THROAT PROFILE 


eo (146, 15, and 16 determine the characteristics of the flow controller. = 7 
The nonlinear resistance must follow the head-deflection relationship of Eq. 
14b, and the throat profile must be made so that the net area of the yen 
a given by Eq. 15. By providing t that the base of the resistance is adjusted F 
axially, the quantity, z, may be changed and variable flow. control results, as ». 


If an an ‘axially symmetric throat section is desired, the throat 
e cylindrical coordinates (, z) in in ‘Mg. 
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value of "required by Eq. 15. Using Pappus’ theorem,’ this area is 


ie which To is the disk ri is the minimum throat For a given 
q 
value of xz’, Eq. 17b yields a curve of r as a function of z. ‘Drawing segments of 
- these curves for various values of x’ (Fig. 8) shows that their envelope yields the 
desired ‘throat profile. | The partial differential of Eq. 17b with respect to a! 
is taken and solved simultaneously ¥ with Eq. 17b to yield the c: cylindrical co ; 
nates of the throat profile. Dividing this partial differential of Eq. 17b with 


respect to 2’ 175 yields bas 


(abt). 


=A al 
tai) 


Substitutin E 18 into E 17 7b 


Eq. 19 permits the direct computation of z for. y value ofr 


nq 
The value of 2’ from Eqs. 18 and 21 is 9 


ical for Engineers,” by B. Seely and N, E. Ensign, John Wiley & Sons,, 


New You, . Y., 3d Ed., 1941, p. fools 
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oo the flow controller to re) erate, the disk must sta within the range, 
op’ AY ange, 


‘The: minimum discharge is obtained Eq. 16 by z= and i is 


‘Eqs. 24 sia 26 daha ; the three ee design quantities, ro, r’, and Y, to be selected 
for a given head and discharge Tange. Iti is interesting to note ‘that the ‘maxi- 


4 


"Upper extended range | 


Flow control over 
head 


O} 3 te 
9. F Low-Cowrnon Ranos 10. —Fiow CoNTROLLER WITH 


“mum and minimum discharges are not sted. The minimum throat radius, 


@ 


__ For flow control over partial head ranges, the limitation is that z varies re 


— YtoOin the lower extended sone and, from (max — Y) to tmax’ in the upper — 


extended zone, with the disk, x ‘, remaining between 0 and Tmax’ at all times. ‘= a 
= The spring travel is limited to pies of the Tan e, Y to 0, which restricts the — : ae 
head range to part of of to ho Tee 


4 ta 7 
| 
a 

3 3 | — 
4 
= 
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FLOW CO CONTROLLER 


value of z that is less than ze zer0, the “threshold” of y to main maintain 
Substituting this of z into Eq. 16 and using for leads to 


yl 

y Eq. 28 j is the lower-limit line of the lower zone. ai 
a i For a value of z that i is greater than max’ — — Y), and with the disk at its jn 

Eas 16 14b, the sone is limited by 


The total range is shown in Fig. 9 in form, with 


‘the z-range indicated ontheright. 
of tha Design oF NONLINEAR oq Of ban 


] bog 


‘The nonlinear resistance to displacement of the disk, as by Eq. 
ror may be e expressed i in ee of sat exerted on the disk. This force, F, P,is 


- This force, 


in which Cy is the ‘dimensionless drag and w is unit of 
liquid. The minimum design Po, i is 


= in which Cais s assumed to be diadiiie over ree the range of travel of the disk. 


The may be obtained in many ways, three of which an are 
herein—namely fluid resistance, dead- weight resistance, and spring resistance. ie 


* Fluid Resistance -—Referring to Fig. 10, | a bellows with an area, Ay forces | 


; Dis 4 manometer liquid into a manometer leg. of vary ing cross section. . The area, a, 
4 4 of the manometer is determined as a function of s. The e necessary equations 


d a, is the constant cross-sectional area Wm is the unit. weight of 


manometer fluid. The terms, F and be eliminated | from Eqs. 33: 34 
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4 terms of 


in which 8 is the value of s for a 0 and F = Fo. : The sine setting is 


altered by changing the value of 2. en For vertical installations the weight of 


- otherwise disturb the proper functioning of the controller. — 


Dead-Weight Resistance—A weight suspended on a cable or tape 


such a fashion that it is lifted out by a cam can be arranged easily in order to 

iy ield the nonlinear force-displacement relationship required by Eq. 33. Fig. 11 


ty wih 
- the ix 


Fig. 11.—Proritep Cam Fie. 12.—Noration For 


gi abeol ib vd anihivib hie.» of Lait 
shows one with the cam rotating a transverse: axis. 
that the shape of the cam can be determined, reference is made to Fig. 12, in 


= the cam rotates through the ao a, from 0, when Fe = Fo, to ao when 


cos (0 — a) = = 9)/ 

Lom 4 To oulay esulay 
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Letting W = = Fo, Eq. 36 reduces to 


a, $8 isa a straight line in in of 
_ the family of straight lines is the equation for the cam seal, Taking the 
partial differential of Eq. 38 with — to a and solving simultaneously with a 


which is a logarithmic the differential of Eq. 


which shows that @ — aisa e angle, 6, varies tom rom tan~ (In 


If @ cam is 8 to be to ae the weight, G, of tl the moving 


po ea In ites) = 


a Ta king t) the partial < differential yrith respect to a and dividing by Eq. Al leads “7 
op dx op ot tan @ —a) = jot 


_ For a series of values of a between 0 and a nN soatteapedlaig values of @ are found. 
Using these values the corresponding values of p are found in 41 which 
_ yield polar coordinates of the cam profile, 

Spring Resistance. —A restrained-tip cantilever spring may be | designed 

order to provide the: required resistance law by following a method presented by — 


| J 
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FLOW CONTROLLER ue 


P. Clurman.! Two identical, flat’ springs of thickness 

_ are placed as shown i in Fig. 13. As the force, P, is increased, the springs are KS 

forced against the profiled backings, thereby reducing their ‘effective lengths a 

and increasing their stiffness. The springs are fastened together at each end ae 
bya spacer block, which prevents rotation. Because there are actually four — ae 
springs, each one takes one-half of the load and i is deflected through one-half of i 

a the total displacement. _ The equation of the backing profile i is determined as 

_— Letting G= k Fo be the submerged | weight | of moving parts. of the controller 


for vertical stem applications (4G =0 for horizontal applications), 


‘The G taken for the case in waht of 1 moving parte 


— 


in which Pp is the load on a single spring (P/ 2). ves the minimum ‘eps ro 


l, with the backing 


vinimum design head 


14. —Nortation 1 FOR SPRING 


at = 0 (Fig. 14). The: variables al and are of the backing 
profile. With no load on t the ‘spring it will be deflected a distance, dD, from the : 


in which E is of elasticity and I represents the ‘secti 
With 2 and yo being the coordinates of the last point of contact between — oa 
"4 spring and aang ” a given active load, P’, the deflection from the 0 load 


position is i. 


: ‘The Design of Nonlinear Leaf Springs,” by 8. P. Clurman, Transactions, A. 8. M. E., Vol. 73, 
‘a 
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» The right side of Eq. 46 is obtained by the consideration of the deflection « of “| 
cantilever | beams. s. In Fig. 15, superposing ti the two simple loadings, aly 


Replacing M by and eliminating P’ in Eqs. 47 leads to 
— x)? <4 
which, with the addition of yo, is the right side of Eq. 46. — and ho a 


(hhh 
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be: 


db — 
olving 50 FY an using and 52 results i in 


in 


Substituting as. 53 oad 54 into. Eq. 461 leads to 


(1 


Inserting the dimensionless quantities, and = Yo/ 


stitution of = 


n 


The solution of Eq. 58 for = 0, 0, i is 


batting back for 2 leads to 


cross s section of he spring must sntiaty Eq. 51. 


15 
— 
i by the sub- 
7 
4 
q he 


Consideration of stresses in spring indicates the maximum moment at 


— -3(1 (1 — 2) + 6k 0 


Tar) 


= 


otha 


and from Eq. 


Eq. 62 by the value from Eq. 67 lea 
—,-1-2k(1-2 
The moment, M,, is a maximum for = 1 — 


A 
7 
— 6 into Eq. 64 (67 


al 


=! t Minas _ Fal —1- 2k)... 


in in which ¢ t the ‘spring thickness and 6 is the ‘spring width. Bags, 51 and 


The 


Fia. SPRING FLow 


rad p 27 Fo (EY? -1-2ky 


‘The restrained- -tip | cantilever spring is relatively simple to construct and 


has a small hysteresis loss. “ The main objection to it, from the standpoint of a y 


closed conduit ' is its 


ahs If the throat. casting in the flow control unit is reversed, as it is in Fig. 17, 


and a manometer is connected to the two ends of the throat, the pressure drop» _ ‘ 
across the disk, as given by. R (the gage is linear function of ‘the 
‘a 4 


— 
— 
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— 
ng 
permit the thickness and width 
— 
if 
L 
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in which 2 +2is a constant. Substituting into Eq. 1, using Eqs. 14b, 15 a 


which shows Q to a function ¢ of 


Th The sensitivity and Tange is changed by adjusting Lg Eq. 74 may be 
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Amin V2ghon 


of 


EXPERIMENTAL PRocRAM ig 


An flow-control unit: was designed to a conorete te 


4, 


_ The unit was placed into a circular opening in \ the horizontal shelf of a a aoe” 
Figs. 19 and 20). A 45° V-notch weir was placed a short distance downstream 
_ from the controller. Hook gages were mounted upstream and a... 
from the barrier, 50 that the head across the controller as well as the discharge 
i as could be determined. The disk had a displacement of 0.75 in. as the head a 
varied from a minimum of 2 in. to a maximum of 8 in. The disk diameter was 
ae 50 in. ; 3 the minimum throat diameter was designed to be 7.60 in. j and the 
minimum throat section was later measured as 7.605 in. 
__ With the design quantities, Y = 0.75 in., ho = 2 in. 2. = 4, tT = 3.75 in., 
and r’ = 3. 80 i in., , cylindrical coordinates of the throat profile were computed | 
- from Eq. 19. ‘The restrained-tip cantilever spring (Fig. 13) was used for the — 
mendes resistance and was computed from Egs. 60, 71, and 72 for i = 3 in. 


0-—-that i at is, not not allowing for for the of the disk assembly. The sub- 


_ The upper threshold of the meteringrangeisgivenby — 
4 Large settings (z) result in sizable gage differences for a relatively small dis- — —- 
on _ charge range, whereas small settings permit metering over a much wider ff ) > = 
range. The sensitivity of the meter, as given by Q / h, is an exponential fu 
— 
tion of the setti = 
a 
4 
a 
™ 
4 
4 
— 
iim 
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Low CONTROLLER IN 
a weight of this ‘assembly was s balanced by styrofoam floats pry on a 


downstream extension of the shaft. The degree of buoyancy was adjusted oan 
‘that y = 0.75 in. when h = 2 in. The drag coefficient for the disk was as- 
oumed originally to be unity. Based on this coefficient the spring “bottomed” 

ath = 6.5in. By adding extra width to the spring the resistance was increased 
a) that the disk displacement was 0.75 in. for a head change of from 2 in. to 8 in. e ; 

_ The styrofoam floats also stabilized the disk for the larger discharges, which, — 
@ without stabilization, tended to oscillate through its entire stroke f for discharges — 7 
than 50 gal | per min. steel can was anchored to the 


08 


Discharge, Maximum 
in percentage | inpercentage 


Pu 


hata on 9 


Ssssssssss 
MINN 9090.00 0090 00 
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— lala of paitiean 1 
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LOW CONTROLLER 
0. 25 in. of radial clearance between the can and the floats. ts The o_o a fs 
7 forcing water into and out of the can provided adequate stabilization for all the a4 a 
_ experiments. Limitations in flume height restricted the range of heads for the © i. q 
larger discharges. dood. dtiw odt beod 


by cotating the dirk 


F 


Lak: 


Dusk 


24 turns 


as 


Fin were in the throat section to guide the disk. They. caused ex- 

ssive friction and were cut back radially to avoid contact with the disk A 7 24 
eon in a spider at the small end of f the excellent 
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FLOW CONTROLLER 


‘Test results be the flow controller are shown in dimensionless form in Fig. 
21, with a summary of resultsin Table l(a). 


head across the disk c was measured with hook ; gages and discharge by the weir. 


4S 


“onl The throat casting was inverted to convert the unit into a flow meter. | 


99 
Fic. 22.—Fiow-Merter Test 
Test results are shown i in Cimensioniess form i ‘in Fig. 22, with a summary « a 


_ Because only one model was constructed, there was no opportunity to take ~ 


a advantage o of experimental findings i in order to increase accuracy. pie a change © 


— 

= 
any 
=. 


discharge copfficient occun occurs as of change of disk within 
= throat, it may be compensated for by redesigning the throat so that C, A 
g varies with 2’ as prescribed bythetheory. Inthe model there was no instrumen- 


tation to determine the exact | position of the disk for a a particular setting. The j 
- setting, z, could be altered either by rotating the disk on its shaft (4 threads to 
or by the knob o over the he spring (13° threads to the by a 


value of for this setting, 20.05 gal per min, was as Qmin- Be- 
7 cause the exact position of the disk i in the throat i is not known for this this setting, — 
3 
a the area and discharge coefficient are also unknown. re 2 ‘end 
- Separate measurements of the discharge coefficient were made with the e . 
disk in known fixed Positions at and without the upper r supporting framework 


1G. 2. —DiscHarGe RELATED To o OF FOR FLow CONTROLLER 


for the sp spring g assembly. These results indicated a coefficient of approximately 


af 0. 62 within the throat and approximately 0.63 with the » disk slightly | above the 


Tn each series of observations for flow controller or flow meter, measurements 
were taken almost equally for increasing heads and for decreasing heads.  “Hys- 
ad teresis effects appear to be small, much less than the S-shaped trend de the oo 
data, which apparently i is caused by the spring. The width of the spring was. 
varied in the model, as well as the quantity o of styrofoam, until the displace- - 
ment, Y, was 0.75 in. at h = 2 in. and was zero at h = 8 in. ~The S-shaped pr 
trend in the data may be a result of the : spring backing being tothe 
o. ~ extent that the spring was too stiff for the head range of from 2 in. to 5 in. ae 
the disk higher’ in the throat and increasing the flow area 


4 
| 
3 
7 
2. Flow Controller —For the flow controller the ‘‘0-turn’’ disk position 
| 
— 
7 
| | = 
— 
4 


for the of in. 5 in. and permitted the disk to be lower tha 

the theory requirement, thereby decreasing the discharge. 9 
Wig. 213 is plotted with log (Q / Qmin) as the ordinate, so that the same sian ‘ 
- tive percentage error 8 scale occurs for all settings and the average discharge | lines 


i is the average of the discharges for a given The solid Hine is deter- 4a 


mined by least squares and yields 


Comparing the exponent with zin n/ (2 Y),2 2 = 13. 78 t. Because ¢ = 13 
direct measurement, ‘the discrepancy can be as being d toa a 


mo 


Value of log 


0 
ve 


me 


wit Fie. 24.—Q /h Asa FUNcTION oF NUMBER oF TURNS FOR Fiow MeTeR 


al - discharge coefficient. When When the spring support stands were in place, tests with 
a fixed disk yielded a change i in : discharge co coefficient that conforms generally to 


the relationship,z = 13.78t. od Jenitila a dai 


- The disk was stabilized by | placing the e steel « can around the styrofoam floats — 
for the settings of from 15 turns to 27 turn 


Flow Meter—The position for flow meter was near the minimum 
throat section forh = 2in. The discharge, Qmin, was taken as 20.05 gal per 
" min, a8 in the case of iad fow controller. _ The data as plotted in Fig. 22 gener- — 


ally ‘confirms the relationship that discharge v varies linearly with head for any 


"4 setting. A slight S-shaped trend in the data, which i is similar to that of the 


‘a 
— 
— | 
— 
— 
— 
— 
— 
— | 


= 
- flow controller but reversed, is due to the spring being too stiff for small heads ni 
not stiff enough for the larger heads. 
The slopes, m = Q / h (Q in gallons per r minute ‘and hin inches), for the best 
radial lines through. each set of observations have been ‘computed by the method — an 
of least squares and are shown i in Table 1, with the maximum percentage diver- 
_ gence of any single e observation. — ‘The taking of data for the flow meter | was" 
rather difficult because of the latee volume of storage upstream from the meter. 7 : 
= was admitted to the flume from a constant-head tank, and the level in pS 
the flume achieved equilibrium slowly. Measurements were usually — 
before. steady flow established, which could introduce minor errors in 
aan The flow meter was inherently stable and did not yea any 
‘It was necessary to shift the disk on its shaft between runs 0 to 12 and 15 “a ] 
or _ Unfortunately, it was not adjusted so that the change from 12 turns to 15 - ; 
a : _ turns was actually 3/13 i in. This i is evident i in the plot of log m / mo against ae? 
the number of turns in Fig. 24, in which mo is the value of Q/h for 0 turns — a KS 
(mo = 4.229). By constructing the best line through the points for from 0 7 
- turns to 12 turns and for from ‘15 turns to 27 turns, the relationships between . 
t and z were z = 12.97 tand z = 12.87 t, respectively, which confirm the known +3 
relationship,z = 13%. A substantially constant coefficient of discharge i is thus 


indicated over the whole range of tests on the flow meter. 10 


Theory and design for both ‘the flow controller and the flow have 
been developed, with several forms of nonlinear resistance, An open-channel — 
= was constructed using a restrained-tip cantilever spring ‘for a 

_ Tesistance, aa data was taken for ten settings each as a flow controller and as a 
flow ‘meter. results generally confirm the theory a) and indicate the way 
~ the construction of accurate and relatively simple control and metering ¢ equip- ? 


» ‘The experimental inal of the project described herein was performed with 
ys the aid of a grant from the Faculty Research Fund of the Horace H. Rackham 
re 1 “School of Graduate Studies of the Univer ersity y of Michigan. — The theory : and 
design data were developed with the help of The Dole Valve Company, c of = 
Chicago, JIS. 8. Baker and R. B. Kaiser assisted in taking data. 


The following symbols, adopted for use in this paper, conform essentially — 


with “American Standard Letter Symbols for Hydraulics” (ASA Z10.2-1942), 
prepared by a committee of the American Standards Aaneciatiqn with Society — 
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Flow CONTROLLER 
Ao = area of opening between disk and throat Bite on 


Ay = area a of bellows; ada 
baa Fo = = minimum design force on disk; fide 03 enw 
G = submerged weight of disk assembly; tod ti 
ot = minimum design head loss across disk ; oa. 
moment of inertia of spring section about neutral axis; {od 
= stiffness of spring of length 1; = haa} Te, bred 
= length o of spring for load Fo/2: 
= of disk support shaft ; 


Ps = force on single spring element; had 


5 


= manometer gage difference ; fon ee ba 4 
= thickness of spring; Ww lo lowing. 
J Un = unit weight of manometer fluid; 
= = position ‘of disk in throat; 
te zo = coordinate of spring backing ; 
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q 
7 
— 
*] 
a 
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— 
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— 
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FLOW CONTROLLER 


= = displacement of single spring from minimum head 


ratio of maximum 1 design head to minimum tote: head: 
polar coordinate; and 
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YH 


qo Yau" T2 JaGOM ait 


A tot Low asoltibacs yuiter Lemos 101 hotest 
ad} of} deuords rola wolt oil 03 towse 900 ati 
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HYDRAULIC MODEL STUDY OF HYPERION 
INTERCHANGE 


By ALFRED INGERSOLL,’ M. “ASCE, AND 
“HAJIME TANAKA, 2AM. ASCE 


are OA 1:20 scale model of the interchange nideeaes the junction of two outfall 
sewers approaching the Hyperion Sewage Treatment Plant, Los Angeles, Calif., 
was tested in accordance with the Froude law. = ~The e study was conducted to ; 
determine the effects of various flow distributions a among the two influent sewers 
and channels leading to the new and existing headworks. In particular, the 
configuration of the throat was studied to ascertain whether the interchange 
a A - could pass the required flows without causing a backing up in either of the out- 5 a 
ay” Maximum storm, peak dry weather, average, a and minimum flows were 
tested for normal operating conditions and for a variety of abnormal apegevendl 
Zz one unit or the other out of service. The best throat design was a com- 
bination of a long-pointed tail on the pier at the confluence and a cylindrical 
nose with a 1-ft radius on the pier facing upstream at the diversion. Tt was 
found that energy is transferred by turbulent shear from the fast-moving flow 
_ in one sewer to the flow moving slowly through the throat with the result that _ 
the energy grade line downstream from the ate is actually Righer than 


upstream of the throat in the other sewer. 


‘The enlargement program of the Hyperion Sewage Trestaent Plant, los 
Angeles, Calif., provides for an increase in the capacity of the plant from an — 
average daily flow of 245 mgd to an anticipated average daily flow of 420 mgd. : 

: ‘The plant utilizes the high-rate activated sludge process for secondary treat- = 
ment (Fig. 1). It is now (1958) served by the North Outfall sewer, which — 
hg carries sewage contributed by inland as well as coastal areas. The composite — 


-_Norg.—Published, essentially as printed here, in June, 1957, in the Journal of the Sanitary Engineer- 
ing Division, as Proceedings Paper 1278. _ Positions and and titles given are those in effect when the paper was 
approved for publication in Transactions. 

1 Associate Prof. of Civ. Eng., California Inst. of Technology, Fesndena, Calif. fi 
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f: flow arriving at the plant contains sligh ntly more salinity than is considered de- 
t = for potential reclamation. A new trunk sew rer, designated as the North _ 
Central Outfall, will supplement the existing sewer. Sewage in the North 
Central Outfall sewer is expected to have no objectionable salinity. 

Space limitations, requirements for conformation to existing 

and other restrictions made it necessary to provide an interchange of flows be- 

_ tween the two trunk sewers immediately upstream of the existing headworks ; 
(Fig. 2). This interchange will permit the entire flow of low-salinity sewage > 
from the North Central Outfall to enter the existing primary tanks. The addi- : 
tional flow required for the proper proportion (Fig. 3), will be “bled” from the Ee 
North Outfall sewer. Thus, the saline content, of this combined flow will be 

7 much less than that at present, and the resulting effluent could be reclaimed. “ 
_A maximum of the flow in the North Outfall sewer will then be given primary © 
treatment in the new headworks and settling tanks, from which it will be dis- - 

An elaborate schedule of capacity requirements for the interchange struc- — 
4 ture has been determined (Fig. 3), specifying the flows in the outfall sewers and 
a¢ the proper distribution of these flows to the influent ‘channels. Of the four 

™ 4 conditions shown, condition A for normal operation was the criterion for the pre- 

liminary design of the interchange shown in Fig. 2. Condition B for — 
quantity of secondary effluent is the operating condition when the existing — 
‘Secondary tanks are at maximum capacity. _ Bewage i in the new primary tank 


; from the : standpoint o of e emergency ‘operation during a temporary shutdown of 
- part of the plant. In addition to these flow ae i the following sp eal ; 
fi fications were to be met as closely as possible: 


a 1. In order to minimize salinity i in the s sew age receiving adie ( pos 
ment, the flow to the new primary should be exclusively from the North Outfall 
sewer, except for condition C, backflow through the 
For normal the North Outfall not be backed | up 
toa hydraulic grade line at point 1 (Fig. 2) greater than 36.0 ft. 
ad 3. The water surface in the interchange structure ‘ptiihein as smooth as 
‘ possible, to minimize release of hydrogen-sulfide gas, ts a3 


__ 4, Sedimentation in the interchange should be held to a ‘minimum. bit feiss 

ta Hyprautic Mope, THEory ab 


% Because Taw sewage, such as that flowing to the Hyperion Treatment Plant, — 
a ‘essentially v water, the use of a hydraulic model is reliable in analyzing sew ver~ 

i design problems that are not amenable to theoretical solutions. In hydraulic 
models it is possible to establish simple dynamic similarity between a scale 
model and its prototype if it can be demonstrated | that one type of force (for be 
example, grav avity, viscous shear, o or surface . tension) predominates over the: other 
_ types i in its relationship to the inertia forces that cause (or resist) motion in the be i 
fluid. In most cases of liquids with a free surface that involve flow around ob- 7 


structions or through constrictions (as in the case of the throat of the inter- P 
_ change structure), the predominant force is gravity and the Froude model law : 
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— applicable? . Inasmuch as all the sewage Sen considered i is carried to, in, and 


from the interchange i in open channels, the Froude law was indicated for this 
model study. That is, if the. model: is built to and 80 


is the same in both model and all linear hydraulic quantities, such as 
water depth and velocity head, are in direct proportion as the scale ratio, and j 
other quantities, such ¢ as velocity and discharge, are related through Eq. 1 and 
its derivatives. In Eq. 1. Vs ‘and Va representative velocities ii in prototy 
and model, respectively, and ol are representative lengths, and g is the ac- 


eeleration due to grav ‘ity |The model scale ratio is defined as f ee. 


The Fr 
4 If the model and prototype were operated at different values of g, it would be 
necessary to include the different values in ‘Eq. However, for ordinary 
_ hydraulic models, g may be assumed to be constant. Eqs. 1 and 2 then estab- 


which a re utiliz ed in this study. sud ofl 


flow in both model and pe. In Eq. 
a v is the kinematic viscosity of the fluid. Fora Froude model utilizing the same 4 
~ liquid in model and prototype, R varies as L3?, The lower limit on the allow- 
~ able scale of a Froude model is generally established 8s that at which the flow 4 
in the model is just securely out of the laminar range. Surface-tension forces — q 
a. are significant in the Froude model in the sense that the liquid surface in 4 
the model would not have the same tendency to break up as wo uld the 4 4 
surface of the prototype, but the effect on other quantities, such as depth of flow, q B: 
Choice of Model Scale—The first the choice 
of scale. The lower limit is governed by the Reynolds-number criterion cited 
; "previously, and the upper limit is set by cost considerations. The choice of a — 


s “Fluid Mechanics,” "by R.L. Daugherty and A.C C. Ingersoll, McGraw- Hill Book Co., Ine... New York, 
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4 1: 20 scale | for this model y yields the following values of R (with the representa-— 
_ tive length set at the customary four times the hydraulic radius, R) at minimum — 
flow in the North Outfall sewer (width being 13.0 13.0 ft, depth, 7.32 ft, seine 


82 ft per sec, and », 0. 00001 ft? per sec): 

~ +2 (7. ved! 


4 (3.44) x 
300001 


a ‘The model valee i is approximately five times larger than the critical value 
commencement of laminar flow . For the conditions of most interest—those 
3 at peak and maximum storm | flows—these v values of R will be multiplied by ap- 
« proximately 7 or 8, showing that the effect of viscous forces is even more remote. . 
As the 1:20 scale was considered to be the maximum that was ; economically — 
feasible, it was fixed at the outset, and wos, was no cause for ‘reconsidering 


ConsTRucTION OF THE Move, 


‘ta was: “e." to model I not only the interchange | structure (as shown in 
-_ Fig. 2) but approach sections of the North and North Central Outfall sewers, — 
as well as the channels leading to the existing and new headworks. The menell : 
pal features of the model layout a are shown i in Fig gers Ext. 
Construction Details. —The base of the model was 3-in. plywood, 
on a framework of 2-in.-by-4-in. joists. ‘The inlet boxes were made of }-in. ply- 
ow ood and were sealed with 1 caulking compound. The channel walls were made a 
a of 3-in. plywood, oriented so that the short-radius bends in the wall were with 
n the grain on two of the three layers, and were glued with waterproof glue to 
supporting strips nailed to the base at the outside of the channel wall. This az 
procedure proved most effective in ‘providing smooth walls with no leakage. 
The transition piece in the line to the new headworks was formed of 16-gage — 
steel plate and welded to the 5-in.-diameter pipe. 
She key to the design of the interchange structure is in the details: of the 
. “tail” at the confluence of the North Central Outfall and North Outfall sewers, 
and of the “nose” at the diversion of the flow to the new primary influent : 
he _ channel from the North Outfall sewer. For this reason, the tail and nose 
pieces were made so that they could be changed easily. The various designs 
Water was circulated by two low-head pumps, each having a capacity of — 
_ approximately 0.4 cu ft per sec which is more than adequate to ate the maxi- 
flows in the North and North Central Outfall sewers ers. 
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Discharge Measurement. —The North Central Outfall wan: 
ion a constant-head tank with a skimming weir 12 ft above the floor level. — 
F : The supply was metered by a 2$-in. Venturi uri throat at the outlet ofthe reservoir = 
and connected to an air-water manometer. ole tie odd 
i The North Outfall sewer flow, Qi, was supplied directly from the other 
_ pump, which drew from the auxiliary reservoir to the right in Fig. 4. _ The flow. 
was measured by : a 3-in. ~by-1 §-in. ‘Venturi meter, which was installed in the 


delivery line | under the model table and connected to a water-mercury manom- 


ae pet The discharge to the new primary headworks, Qs was measured by another — . 


3-in.-by-1-in. Venturi ri meter. The entrance condition to the existing primary 


ig. 5.— Desiens (T’s Are Tar Pieces, ES. 


s Are Nose Pieces) 


headworks was an wie e Oi wie 


las Establishing Slope of the Model.- —The bed slope of a Froude model represents a 


the effect of frictional forces, and, as such, it must be established independently 
of the prototype slope and Froude model law. Wherever the reach ofa channel 

constriction under study is short, it is common to use a flat bed on the wae 

recognizing that the frictional forces will be small compared with the gravity _ 
of forces caused by differences i in hydraulic grade line. _ For longer reaches a 

~ attempt i is made usually to establish the bed slope: so that the depth is in proper a 
scale at all stations, with the hydraulic grade line being the same in both model a : 

The slope of a model channel is established ordinarily by 
measuring the slope required to produce depths that correspond to known or 

- assumed depths i in the prototype u under various flow conditions. Fortunately, marty os 
- in the case of the Hyperion sewer interchange, there were data computed from 
- measurements, showing the measured hydraulic grade lines at station 1 + . 
25 and 8 station 3 + 0.525 in the existing North Outfall sewer, for ‘two 


ximum 8 
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The: first was of the North Outfall s sewer, 
7 Sy ‘roughly from station 1 + 22.38 to the end of the 90° curve, station 3 + 95. 87. ~ 


put through the sew ver, and the slope ‘of the flat plywood bed was 8 adjusted | 
the required depths were produced. These flows represent accelerating sub- | 
critical (M-type) surface profiles of nonuniform flow. The Froude number 
for a depth of 8.45 ft is 0.36. Tt was found that a bed slope of 0.0008 (as com- 
pared with the prototype bed slope of 0.0006) produced the required depths 
within approximately 0.02 ft (prototype scale), and this slope was fixed as the 
one that would eliminate the frictional forces from further consideration. Berk 
Discrepancies ‘from True -Model-Prototype Relationships Following ‘this 


mos and the interchange structure was installed according to the digas 
for the interchange. _ Unfortunately, this reconstruction process 


‘point 4, hi in. too low. Because it was not , possible to rebuild the bed 

rerun the tests at the time these discrepancies were discovered, the data have — 
i. been adjusted to give the best prediction of prototype behavior as obtained 
from the model study. These adjustments are explained in the su subsequent 

Ar The design necessitated a transition section in the new primary influent 
channel from a 9-ft square section to a 9-ft-diameter circular section, with a 


_ drop i in the invert of 6.29 ft in the 12-ft-long transition. - In the model the _ 


8.33 ft). _ However, this did not affect the hydraulics i in . the open channel up ; 
: _ stream because it was necessary in any event to ) throttle this flow with , gate 


design of the North Central Outfall int the invert of 
"approximately 0.8 ft in the curve just upstream of the junction. If properly — 
modeled this would have meant a gradual rise in the floor of the model channel 
on the curve of approximately 4 in. Inasmuch as this design was not yet - 
firmly fixed and the losses in the North Central Outfall sewer were not critical, * - 
§ was not considered worth the extra effort to install this sloping floor, with the gy q : 


is 


result that the bed of this channel was at the same slope as the rest of the model. 
can The effect was simply that the energy grade line in the prototype at point # 
: would be slightly higher than its counterpart on the model for the same values — . . 
of discharge and hydraulic grade line. This question is considered in detail » 
in the section on test results. ME oF abam at 
A test consisted of establishing the required flow distribution for one of the 
conditions and flows shown in Fig. 3, for example, condition A (normal opera= 


2, 3, and 4 in Fig. 2 odd Yo di ni 

+ “The normal procedure was to set the required inflows in the North and North © 
Central Outfall sewers, and then to adjust the gate valve to the new headworks | 

simultaneously | with the adjustable weir to the existing in to 
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aad establish the proper value of Qs (and thus ste of @. af To determine a reference 
a value fe for the water-surface elevation, the hydraulic grade line at point 3 was 
ie made sufficient to pass the required Q; through the existing headworks, accord- _ c 
4 ing to plant data supplied. This reference value was 35.72 ft for the maximum > 
“measured storm flow of of 429 mgd. However, because this value applied t to flow 
“through all detritors and bar screens, it was also used for flows as low as 400 
| - a mgd. For lower values of Q3, the hydraulic grade line at point 3 was adjusted — 
: in order that the head on the detritor weirs (set tat El. 34.00) would vary as ‘the 


TABLE 1, —SumMary or 


1c Grape Line wth 


Remarks 
Hes 


North Outfall 


North Central 


Outfall sewer, Q: 
xisting primary, 

sewer, point 

North Central 

Outfall sewer, 

point 2, Fig. 2 = 44 

New primary, 

point 4, Fig. 2 


Operating 
condition 


Average f 35. 93 | 35. Y ‘Gi silt 
Minimum 50 50 67 . fa 

Average | | 35.57 67 0.3-ft pocket on 
| south side of nose 


storm | 44 275 | 35. 0.2-ft pocket on 
Peak dry 36. north side of nose 


Must throttle Qs, > 
[Average 0.4-ft pocket on 


y, the slope of the iol table shifted after construction Boss 


Ww ith the of the hydraulic grade line at point 3 are 


: mately 0.4 ft higher than intended. | This difference may b be represented con- 
7 veniently as an extra allow rable loss across the bar screens. That i is, for values 


of the hydraulic , grade line at points 1 and 2 reported in Table 1, there is an 


allowable loss of approximately 0. 4 ft (at the high flows) across screens or other es 
i a obstructions at the entrance to the existing headworks. If there is no obst ruc- fon 
ee = ‘tion the water surfaces at points 1 and 4 will be lower by cobeiclaueaty this oa 
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ata apply to set V, Fig. 5. All discharges, velocities, and elevations are prototype values. 
— 
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Flow type ti | 38. | £3 
de | | Se dts tae | é 
Ac Sad Se | 588 | As | Be = 
As Pea | | & | Rox 
Maximum storm | 8.52 | 6.23 | 9.12 | 3647 | 889 | 5.64 _ 36.65 | -0.18_ — 
Peakdry § | 874 | 5.05 | 914 | 3649 | 888 | 5.38, 36.60 |—-O.11 § 8 
{ Resk dry bia 830 | 531 | 874 | 36.09 | 867 | 413 | 36.21 | —0.12 pe 
Average 8.22 | 3.77 | 844 | 35.79 | 854 | 224 | 35.89 | —0.10° 8 
Maximum storm | 8.62 | 6.16 | 9.21 36.56 | 8.90 5.96 | 36.72 —0.16 ~ 
Peak dry 8.96 492 | 9.34 | 3669 | 890 | 5.96 | 36.72 | —0.03) 8 
Average = | 9.20 | 3.37 9.38 | 36.73 | 889 | 5.64 | 36.65 | 0.08) 9 
Minimum | 7.56 | 0.79 | 7.57 | 34.92 | 7.63 149 7.67 34.94 | -0.02, 
Average Seg 868 | 3.58 | 886 | 3623 | 9.11 | 1.57 | 9.15 | 3642 | O19 EF 
Minimum 0.87 685 | 34.20 | 695 | | 6.95 | 34.22 | -0.02) 8 


a For certain runs involving low flow to the existing headworks and high flow , 
to the new headworks, for example conditions B and D, it was nestaphry to 
the new headworks. This was estimated on the basis of 
losses in the Venturi meter, butterfly valve, bends, and transitions in the new 


Summary data of all tests are included i in Table 1, which gives the prototype 
values for rates of discharge and expected hydraulic grade lines. Table 2 pre- q 
sents detailed computations for energy grade ome and t losses 


was 0. 38 ft (prototype scale) high at point 3 and 0. 21 ft low at point 4. — 
the proper values, the average velocities between upstream and downstream — 
points are within 27% of their proper values. In other Ww ords, in general, average — 

velocity heads are within 4% of their proper values. * Head losses, being propor- J 


‘4 tional to velocity heads, should therefore also be correct within approximately — 
oe - However, the numerical value of head loss i in § almost: every case is less 


ats 


~ than 0. 25 ft, eo that it is not srreshie to consider head-loss corrections to data 
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bie? _ 2 have been adjusted in several ways to represent, with three exceptions, the 3 

— ~~ best prediction of prototype behavior as obtained from the model study. It T 

— ~~ has been noted previously that at points 3 and 4 the model as actually tested — » 

head losses actually measured on the model were assumed to apply to 
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_ equivalent tests on a hypothetical model, which had a bed slope of 0.0008 as a 
determined by the original slope test denctibed previously. ‘Therefore, work- 

_ ing back from the measured energy grade lines, it was possible to compute all 

‘appropriate depths and — in | the hypothetical These 


Bag three exceptions referred to previously are e the negative — - 
losses between points 2 and 3 for minimum flows. However, even the unad- __ 

data indicate this improbable situation. Therefore, it is not an indict- a 7 

7” _ ment of the adjustment system but rather of the retin of the original data. 

These ‘discrepancies are on the order of ai im doidw 
7 oy Corrections for the Hydraulic Grade Line at Point 2 —At the peak dry flow it 
is desirable that the North Central Outfall sewer should not flow more i 

_ three-quarters f ull. _ Table 2 | shows that the depth Dy at this flow for normal 


the invert elevation is actually 28. 50 ft at point 2. ‘Thus, to determine : an 
i? poring depth for the prototype flow, one must determine the — that will ye 


ai betlida di De + -=8.26ft 
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-« ‘the height of the section, or under the maximum requirement of three-quarters sO a 
or Taroat DesigN 


a throat, the tail piece which faces downstream, and the nose piece which face 
7 upstream. _ Various combinations of tail- and nose-piece shapes were tested — 
(Fig. 5)—they are referred to as T-1 for tail piece 1 and N-1 for: ‘nose piece ated 
. _ The initial test in the model study was made of the original interchange de- ‘ 2. 
sign submitted with the set I throat design. _ This design was found to pass all +. 
flows at normal operation satisfactorily. to meet the ‘requirements of the inter 
A change. The point of interest was then the stagnation point, which was ob- | r an 
Served to point straight upstream (or a clock position of 12:00 on the ‘nose 
“ or piece) for peak dry and average flows of condition A. For condition B, average pe 4 
flow, the stagnation point moved to the throat side of the nose (2:00 position),  __ 
and a deep depression or pocket of 0.4 ft (prototype scale) formed on the ee. 
opposite side of the nose, follow ed by considerable turbulence. . The depth, 


ise, and turblence of the pocket became more marked for condition D, average _ whey 


The first effort to improve the original throat design was the insertion 1 of a . :. 


3 


4 longer tail, T-2, curved away from the throat, thus restricting the North Central 
: Outfall sewer mouth opening to 80% of the full channel width. The tail piece, : 
7-2, produced two major effects. The hydraulic | grade line at point 1 was : 
lowered, and that at point 2 in the North Central Outfall sewer was raised. 7 
_ Greater energy was transferred by turbulent shear from the high velocity flow : ; 
: from the North Central Outfall sewer to the low velocity flow through the 
é throat, enabling a lower water depth at the throat and, consequently, at point 1. B. *) 
a Set II also produced a more markedly disturbed water surface downstream of _ 
the interchange, where the turbulent exchange of energy took place. Before — : 
4 _ discarding set II because of this turbulence, it was tried with a long-radius nose 
piece, N- 2, which produced no significant difference from the set II sombiid- 
‘The next step at | was with a short tail piece, T-3, and long- 
- radius nose piece, N-2. This combination provided the widest throat opening, 
but it showed no interchange-requirements improvement for normal operation. 
4 _ However, for condition C, average flow, where the maximum of flow passes _— 
through the throat, set IV produced a lower hydraulic grade line at point 1 
than the set I throat design under similar operating conditions. The ‘major 
drawback to set IV was the greater tendency for the flow from the North | 
Central Outfall sewer to enter the new primary influent channel. st” 
Final Throat Design —In the long-radius nose piece, N-2, there was one q 
_ desirable feature. Under abnormal operating conditions, with unnatural dis- = 
tribution of flows between the throat and the new primary influent channel, 
the stagnation point remained on the rounded nose even though it shifted in = 
-— orientation. _ Therefore, the flow was smoother, and a much shallower pocket — = 
was formed. The noge piece finally chosen with shorter (1. -ft) radius 


serves: this feature, T-1, , N-3 throat design does not represent tani 
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a mento ver tk the T-1, N-l combination for flows at normal operations, but itis an nm 
improvement for almost all the abnormal operations. fe 
ae To determine whether the flow from the North Central Outfall sewer enters 3 oa ia 
_ the new primary influent channel, a dye test was conducted at normal operation, 
= peak dry flow. This test revealed that a slug of dye injected into the North — : 
Central Outfall sewer did not enter the new primary influent channel, and, in _ 
: fact, it took a distance of 1 ft or more in the model before the dye completely — 
mixed with the flow in the « existing influent channel. 


dial To study the transition effects, gilsonite (an asphaltic mineral having a — 
_ specific gravity of approximately 1.04) tracer particles were introduced into the — A 


model in the North Outfall sewer. " At normal operation, average flow, the 
particles separated smoothly between the throat and the new primary influent 
channel. A slight eddy and depression of the water surface was observed i in the — 

; oy lee of the nose, but the surface was not broken by turbulence at normal opera- = 
my. For condition B, average flow (for which there i is no net flow through the 7 

- throat), it was noted that the gilsonite particles did not p: pass through the throat. q 

A smooth depression of the surface in the lee of the nose was observed during ; 

is i the test. . Closer observation of the throat at this flow. revealed that there is 

actually a small downstream flow at the surface and a corresponding backflow Fe 

2 along the invert. This motion was sufficiently strong in the model to prevent — 

The introduction of gilsonite during abnormal condition Cc, average flow 
(for which the flow through the throat is a maximum), resulted in a “particle 
= ” This cloud revealed the manner in which the flow leaves the outer wall _ 
just before the throat, with a clockwise eddy just at the point of departure. ee 

| A slight depression formed on the throat side of the nose as the flow was ac- 4 
 celerated at this point. There i is a certain amount of waviness of the surface 
downstream of the throat, which i is inevitable. to otet 
echanism a Energy Transfer. —It i is 3 instructive to investigate the & 


to the slower moving flow through the throat (Qs), so that the energy shade 
a line at point 3 is 0.11 ft higher than that at point 1 for condition A, peak dry es 


eh (w ith throat design V). Table 2 shows that the head loss from point 2 to : 7 ya ae, 


point 3 is 0.16 ft. Because Q, is 357 cu ft per sec (230 mgd), this represents a ey 


Joes fro from point. to to point 3 30 of 


y — 


a for Qs there is a gain of 0.11 ft point 1 1 1 to point 3, for 


Qs of 263 cu ft per sec there is a power gain of bead Aber 


dials X 2638 X 62.4 = 1,803 ftlb persee 
= _ By subtraction the net power loss in the two components of Qs between — 


“points 1 or 2 is 1,757 ft-lb per a value of Q, of 620 cu ft per sec, a 


4 
| 
4 
| 
q | 
| 
: 
2 
| 
a 
“ 
q 
— 
— 
he 


om STUDY 
eed pom a transfer « of energy must be accomplished by a select gradient a 
corresponding | shear between Qs and Qs. " At the mouth of the North Central — 
Outfall sewer, the corresponding mean velocities are computed tobe i 


donneils rum Vs= 2.87 ft per sec 
and AV = 2.65 ft per sec to 
sof Inthe zone of shear can be roughly estimated to be 2 ft wide, the wulndiey: gradi 
To determine the magnitude of the turbulent shear, one must t consider the 
Prandtl equation, , which includes mixing length, 


The first term in Eq. 7 represents the viscous shear and is a negligible quantity. : 


Evaluating the second term, assuming that the m mixing length is also eel 


_ mately 2 ft and using p = 1.94 slugs per cu ft for the density of water, 


1.825) = 13.6 Ib ft 
If the length of this shearing region is assumed to be on the order of 10 ft, 
wl the contact area is the length times the depth, or; approximately 10 X 8.5, or 
Pp = 85 sq ft. The total shearing force would be on the order of 85 X 13.6, or 
1,156 Ib. si this force i is applied to Qs, moving 4 at approximately 2.9 ft per | sec, 7 
the rate of energy transfer would be about. aly dab 
X 2.9 = 3,350 ft-lb per sec Hf 
Bi If it is assumed that the loss in energy of Q2 from point 2 to point 3owingto __ 
wall wall friction and turbulence is (from the foregoing computation) approximately ; 
0.04 045 357 X 62. 4 = 1,000 ft-lb per sec 


the ra rate of from ‘to Qs be on order of 3,560 ft-lb 
per sec — 1,000 ft-lb per sec, or 2,560 ft-lb per sec which is almost 75% a 
what \ was indicated by the tentative shear computation. _ The assumed values 
* for velocity gradient, or mixing length, or shear area are evidently too high. — _ . 


 . phenomenon of negative head loss from a lateral to a conduit in combin- 


‘a there could be little or no opportunity for the ee of energy transfer fl 
Therefore, the negative head loss was restricted to lateral flows 


Id Flow,” by John 8, MeNown, Transactions, ASCE, Vol. 119 119, 1954, p Pp. i 
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of less than 15% of the combined flow and was attributed to ree lateral flow 


‘moving into a region of the conduit in which the velocity was below average. ie = 7 
———-: Deposit of Sediment. —During the model tests some fine sand was injected — 

- into the North Outfall sewer for visual observation. This sand settled on the © 
bottom at the lower flow rates along the convex curving wall of the North Ou Outfall i 
‘sewer upstream from the. interchange. _ At practically all flows there is ;separa- >» 
tion and back flow along this wall as the flow decelerates in the widening chan- © 

In order to minimize this deposition, a bulge was placed i in the right wall of 7 

Z - the North Outfall sewer just opposite the interchange. It extended 2.5 ft into : 
the stream and was smoothly shaped, so that the North Outfall sewer, in effect, 
did not diverge. until it almost reached the interchange. ‘The sediment | was 
scoured away, but the bulge produced a highly disturbed flow in the new pri- 
mary influent channel. The foregoing was not considered a practicable solu- . 

: tion to the deposition problem. In fact, it should be emphasize ed that proto- _ ae 
type velocities will be 4.47 times those of the model, and sand such as that used __ 
in the model will certainly be scoured. — In the region of the throat, even if ; 
there i is not much flow. through it, there is generally enough circulatory motion — ~ 
_ to keep light material on the bottom in suspension. Moreover, if deposition 7 

— does occur at the low flows it may easily be scoured by operating temporarily i in 


order to sluice one channel or another with higher velocity flow. a ae 


EXTEension” TO PLANT OPERATION ei 


“tn order to an efficient operating condition at the existing plant, 
artificial devices for head losses must be utilized for all but. maximum flows. f é q 


weirs, used separately or together, depending on the flow. A ‘The ‘introduction Bo. 
herein gives the permissible depth of backwater allowed with or - without the : 

_ interchange at peak dry and maximum flow, normal condition A. = a 
a In the proposed operation | of the Hyperion Sewage Treatment Plant, the —_ = 
flows to the existing and new primaries will be regulated by the throttling of a 
_ butterfly valve located immediately downstream from a Venturi tube in the — a 

primary influent channel. intelligence to position the valve will be a 


furnished by a ratio controller in the control house. . _ The information required 


- unit summator, which receiv es ‘signals from a transmitter at the new Venturi 


tube and from two transmitters at the two existing Venturi tubes. Aoy iad 
The experimental data furnished by the model showed that the proposed : 
‘ operation of the plant may be reasonably accomplished for normal operation. Ia 


Howe ever, for abnormal ec conditions | C and D (average flows), the existing sluice 

4 gates and stop-log weirs would need to be throttled i in order to produce a suffi- 
ciently high hydraulic grade line at point 4 to pass the flows through the new pri- | 

g mary. It is probably possible to set the new primary tanks sufficiently low, so _ 


. ; that even these flows can be passed without throttling the existing sluice gates 4! a 


and stop-log weirs. However, a low weir elevation would result would be 
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ge MODEL STUDY 
— 
oa Of the | five throat designs tested i in the 1: 20 scale 1 model of the Hyperion 


is 
pe’ dimensions and conditions, yield the following 


| For all conditions in which there is a positive flow through { the throat, 
: em sewage in the North Central Outfall sewer is excluded from the new } primary ae 
_ fluent channel. This was demonstrated by injecting dye in the North Central es 
A Outfall sewer and observing that no color appeared in the new primary influent — 
q channel. esti Therefore, the maximum saline sewage from the North Outfall : sewer 
willflowtothenew primary, 
2. For normal operation the North | Outfall sewer is not backed up “re a 
4 hydraulic grade line at point 1 greater than 36.1 ft— —this value occurs at peak dry 5 
flow. Maximum storm and average flows each produce an hydraulic grade line 
of 35.9 ft at point 1. These values include an allowance of approximately 0. 4 
ft for head loss across s bar screens or other obstructions at the inlet to the exist-_ 


water surface in the interchange is relatively smooth. Under 


“normal operating condition this is also accomplished with the set I throat 
design. . However, for the abnormal conditions the cylindrical nose on the di- 
ye If there i is any deposition of sediment in the interchan ge, it will most 

tikely occur along the convex or northeast wall of the North Outfal sewer, on 


Various combinations of throat design other than 
displayed certain attributes, but i every case the accompanying disad-— 

ne vantages outweighed the advantages. The original design was satisfactory for 

in normal operation, but for most of the abnormal conditions the cylindrical oll 
on ‘the diversion pier produced a ‘smoother water surface and a lower head loss 
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The Hyperion sewer model study was sponsored | by Hyperion Engineers, a : 

a a joint venture of three Los Angeles engineering firms, __ The writers are indebted _ 


Vito A. | M. ASCE, and James J. Kesler, J.M. ASCE, for their 


— 
— 
mer, 

| 
— 
— a 
d 
. 

| _ 
| 

Some separation. However, a circulatory flow 

4 

— | 
— 


Rounded November 5, 1852 


TRANSACTIONS 


better Paper No. 2948 


Duridg 


The « hb of 
BRIDGE CLEARANCES” 


y, ForEWoRD.. io 


By Eugene W. Weber, M. ASCE. 


Tue INTEREST BuREAU or Pusuic thie 


‘By Erhard E. ‘Dittbrenner, M. ASCE pet 


q 

— 
— 

— 

q 
: 

— 

— 

— 

— 
| 
— 
— 

— 


BRIDGE CLEARANCES 


a3 ‘' sium arose from a concurrent growing awareness on the part sof « engineers | con- 
cerned with waterway, highway, and railroad traffic of the need for rationaliz- 
= any extreme views on appropriate navigation clearances. a) _ With a national | 

_ highway program (1957) of unprecedented magnitudes, these papers have great 
significance in their ‘effect on on the 1e adequacy o of clearances and t and the ec cost of bridge 
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BRIDGE CLEARANCES 


‘The development of facilities has of resulted i in in- 


“tersections of the various modes of transport. In the first half of the nine- 7 
x teenth century there was little conflict between water and land transport and, a 
a thus, relatively few bridge-clearance problems. With the development of 
railroads in the latter half of the century, navigational cleesanet at bridges a 
became important, and federal legislation was adopted to deal with “ay i ‘During Yo 


—— 


the past fifty years, , increasing highway transport, ‘resurgence | of waterways | ‘ 
traffic, and continued development of railroads have resulted i in radical changes — 
in the nature and extent of the bridge-clearance problem. _ The history o of 4 


The development of transportation facilities by waterway, railroad, oe 
; highway has been ‘accompanied by constantly, changing problems with respect 7 
_ to the necessary intersections of the various modes of transport. As speeds . 
4 increased, for example, it soon became necessary to eliminate grade crossings 
. highways and railroads. At present, superhighways : are being developed to 
separate the high-speed traffic as much as possible. 
>: considering the specific problem of bridge clearances, it is convenient to 
examine the evolution of the problem in the past three half-century periods: 
In the first half of the nineteenth century the principal method of long- — 4 


distance transport was by water, and there were few bridge-clearance 


last half of the century brought the development of 
= 4 the railroads as the principal means of long-distance inland transport. _ During _ 
this peri iod the problem of navigational: clearances bridges became serious, 


cr: and there has: been a resurgence . of inland waterway traffic as well as” 
continued rail development. to meet the tremendous growth in transportation P 
Fequiremients, During the latter part of this most recent period, 


nature and extent of the bridge- clearance problem has” changed most 
= In tracing the evolution of this problem, one of the earliest and most A 


a teresting developments i is a case which arose in 1852 concerning ak bridge across 
the Ohio River at Wheeling (W. Va ). The state of Pennsylvania contended 


he 
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__ Nore.—Published, essentially as printed here, in April, 1956, as Proceedings Paper 935. — 
nd titles given are those in effect when the paper was approved for publication in Transactions. _ big 
_ 1 Special it to Asst. Chief of Engrs. for Civ. Works, Corps of imo. U. 8. noes ot the Army, 7 
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‘Court analyzed the pertinent considerations involved, including the size and 


_ preme Court decided* that the bridge obstructed navigation, but the United “A 
a States Congress legalized* the bridge and thus forced water traffic to conform e 
; C to the limitations imposed by the clearances then existing. This case is note- 

worthy for at least two reasons: First, it is an early example of an attempt to 
4 - determine, by economic analysis, a proper balance between the adverse impact 

of a bridge on water traffic and the adverse impact of navigation requirements , 
on bridge costs. Second, it is an example of a situation in which the preroga- ig 
tive of Congress to regulate commerce was exercised it in a manner which favored a 


; land transport at the expense of water transpor t. der re i 


was left to the individual States except for separate actions by Congress from 
ti me to time authorizing ‘specific bridges and, in some « cases, prescribing the 
navigation clearances. Meanwhile, the inland waterways were being exten- 
sively improved by the federal government to meet the growing n needs for water 7 ; 
“@ transportation. At the same time, as the great era of railroad construction de- ; 
; . veloped, more and more bridges were being built over navigable waters without : 


effective control of their clearances for pa peas traffic. - Many difficult and 


tion in 1890, finally passed‘ a ‘comprehensive act, which was 


; ‘fenton of the federal legislation applicable to bridges over navigable waters. 
¢ ore: Under the Act of 1899, with subsequent amendments and related legisla- 
r tion, the determination of the suitability of plans and of clearances to be pro- 
vided for navigation at bridges over navigable waters of the United States has 
been a responsibility of the Corps of of | Engineers (United S States Departement of ; 
ag _ It is only since 1899, ‘therefore, that procedures have been available for -e } 
- effective determination of the proper requirements for navigational clearances — : 
d at bridges. The Corps has followed the practice of obtaining the views of i in- 
_ terested parties on the proposed construction of bridges over navigable waters 
= direct inquiry, public hearings, and other appropriate procedures. — ‘At the cs 
beginning of the | twentieth century, railroad and waterway operators 
often the only parties oxneeesing an interest. In a any event, all pertinent i in- 
formation available on each proposed bridge was analyzed to determine the 
reasonable requirements for navigational clearances. y 
— the volume of traffic at railroad and highway crossings PRO al 
; z increased, it became necessary to improve and refine the methods for the anal- 
“9 ysis of bridge clearances in order to assure accurate and proper determinations. ; 
a _ Prior to and during the 1930’ 8, standard bridge clearances had been estab- 
< lished for most of the major seaport areas and inland waterways, including the | 


# Pennsylvania v. Wheeling and Bridgeport Bridge Co., 13 Howard 518. 
Aet of March 3, 1899 (80 Stat. 


besa. = type of vessels, the feasibility of altering the vessels, the delays to navigation _ { 2 
a attributable to the bridge, the costs of bridge alterations to accommodate navi- if 
cation and the relative importance of the land and water traff ia 
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‘Mississippi River, the Ohio River, the Illinois Missouri’ River, 
the Atlantic and Gulf Intracoastal Waterways. Although establishment of | 
4 9 such standard clearances facilitates planning by all transportation agencies, it — 
ee _ is considered essential that they be kept constantly under review. Also, each 
"proposed x new bridge should be analyzed on its own merits to determine the = 
_ clearance provisions which will result in the least total cost to the public for 
 Weagpentine by the most logical combination of water and land facilities. 
It is necessary to look back only a few years to note the drastic changes — 
: which can take place in the interrelation of transport media. As the railroads 
4 were developed ¢ and dependence on waterways decreased, many railroad bridges — 
were bui 
4 requirements foreseeable at that time. i Within the economic life span of nll : 
such bridges, however, the need for waterway facilities for bulk inland water - 
be transport has made it necessary to undertake expensive alterations to reduce ~ 
economic losses caused by the interference with waterway traffic. Since 


the passage® of the Truman-Hobbs Act, the federal government has embarked 


ona program of alteration of approximately fifty obstructive bridges under 
the provisions of that act and under special projects consistent with the pro- & 
3 visions. The total estimated federal cost of these alterations is more than 
$130,000,000. In addition, non-federal costs i in connection with the program | , 
‘4 will bring the ‘total expenditure to approximately $200,000,000. 
‘The fact that bridge-clearance practices to date (1957) have resitited in 
‘inadequate “navigation clearances which require ‘such vast expenditures to 
correct has generally received less recognition than that accorded to the cases" 
in which the clearances for navigation have proved to be no longer justified. 
Perhaps this is due to the fact that there are many individual motorists who - 
have acquired a personal knowledge of the impact of waterway requirements _ 
on bridges, whereas there are relatively few individuals who have had occasion on 
to observe or note the impact of obstructive bridges on navigation. In any . * 
event, it has become evident that efforts to improve determinations of 1 naviga- 
tional clearance requirements at bridges should be intensified. The — _— 
-dously increased volume of both land and water traffic has added to the signifi- —" 
cance of the p possible adverse effects on one form of transport « or another when — 
In view of the drastic changes” which have taken place | in transportation 


y. Z over navigable waters with clearances that are inappropriate according to 
— traffic requirements, both th by land and water. In analyzing — 


bridge-clearance p problems fifty years ago, it is unlikely that many adminis- _ 7 re 


trators or engineers envisinasd the type of highway transport that exists today. 
1 Even in more recent years, rn types of automotive transport: were 
¥g developed, it i is unlikely that 1 many y would have predicted the volume of 


traffic that is now ‘materializing. g. Similarly, during the growth of ‘the great 


rail network and the relative decline i in Waterwa traffic, few analysts would 
have felt | in predicting the role that 
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drawbridges at which of the 


tion clearances they were built, are fifty years old or more. From 
- to 90% of all bridges n now “having i improper clearances, from t the standpoint « of 
either land- transport or waterway-transport requirements, Were | built ‘more 


much, if not ‘most, of the bridge-clearance problem stems from an i inherent 
w inability to forecast future developments accurately rather than from s any y basic * 
ad inadequacy of the laws and practices that have been applicable since 1900. ae 
Mi One of the most important recent steps toward improvement of f bridge- an 
clearance determinations had its origin in the Federal Inter-Agency River 
Basin Committee’s benefit-cost studies, which culminated in a report. This 
‘ report has formed the foundation of improved practices for economic — 
in many agencies engaged in the » development of water and related land use 
a projects. The Corps was one of the participating agencies in the benefit-cost — 
« ‘studies and has adapted the applicable parts of the recommended principles 


to the problem of determining bridge ~clearance requirements. it 


In the preparation of reports on prospective navigation improvements, <a 
_ arrangements have been made to insure that the analysis will include a com- 
_ plete accounting of the impact of such improvements on land transport. | The 
q Corps’ procedures for analyzing prospective navigation improvements have — 


_‘ Many years included provisions for obtaining views and data from all — 


= correlation of water and land- -transport needs, and, in the long run, in 2 
A second way in which improved procedures for economic analy sis will help in 
; the bridge-clearance problem i is through improvement of the analysis of individ- 
bridge proposals. Ina recent ca case involving a proposed bridge on Highway 
65 across the Minnesota River near Minneapolis (Minn.), the Corps analyzed ; 
_ the bridge costs and the adverse effects on land transport over a range of ee 
Vertical-clearance requirements and examined the economic i impact of the same 
range of clearances on 1 expected water traffic. The point which there was 


ment for the bridge. . This procedure e will be effective in ‘reasonable 


_ and proper bridge clearances if satisfactory data on prospective land and water — 
traffic can be obtained for use in the analysis. 


mt 


Proposed Practices for Economic Analysis of River Basin Projects,” by the 
on Benefits and Costs, Federal Inter-Agency River Basin Committee, hington, D. C., Ma 
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waterways have assumed in the transportation of bulk commodities. Of the 
a 3 

years ago or more = 
= . °* and were required to have drawspans on the basis of conditions foreseen at that y 7 i 

time. Also, practically half of the bridges which are currently considered ob- 
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— 
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_———— j- and its waterway crossings became more and more acute, the Corps was able to : . = 
‘ 7 obtain relatively little definite information on highway requirements for use in 
analyzing waterway projects. Recent improvements in the practices of all 

— 
the least total adverse economic effect on the combination of the expected land 

7 
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the Bureau of Public Roads, United States Department of Commerce (BPR), 

~ has become increasingly concerned with the bridge-clearance problem. Largely 
as a result of the initiative and concern of the BPR, the Department of Com- © 
‘merce, with | appropriate assistance and cooperation from other T agencies: 


As a result of this ‘study and report, there is 
_ better realization of the relative interests and responsibilities of the various 
_ agencies—both federal and non-federal—that are concerned with the problem 
of bridge! clearances over navigable waters. Further studies, particularly of Py 
the water-transport aspects of the problem, are also needed. 
tow, aes The « question of the proper - amount of clearance to be. provided at bridges 
over navigable waters has become acute in recent years primarily because of | 
“ changes in both land-transport and water-transport facilities and the tremen- a 
dous increase in the volume of traffic. Part of the problem stems from prac- 


_ tices prior to the beginning of the twentieth century before the adoption of 


. There are no 
a, stacles i in n existing law and practice to: a a realization of the goal of reasonable 
clearance requirements from the standpoint of all affected forms of 


ayy: a 1 “Navigational Clearance Requirements for Highway and Railroad Bridges,” the Office of the Under 
Becy. of C Commerce for Transportation, U. 8. Dept. of Commerce, Washington, D. C., sited 1955. 


festate 
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i er cedures for determining future bridge clearances, and for the alleviation of ex- = =— 

_ isting problems caused by changing conditions. The continued cooperation of 
both federal and non-federal agencies along lines that have been developed in 
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BRIDGE CLEARANCES 


a. new concept of national transportation policy concerning bridge clear- — 4 
ances for navigational needs is being developed. Rather than protecting one 


form of _ transportation it protects the public i interest. _ Possible solutions to 


arising under this concept are explored. en 


nF ebruary, 1955, ie United States Department of Commerce released — 
“the first comprehensive report? on the navigational clearance problem ever com- 
in the transportation history ¢ of the United States. leading 


3 - ‘The second premise was that the expanding economy is not dependent for 


aT surface | transportation solely on waterways, railways, or highways, but that all 


— forms are essential to a coordinated surface-transportation system. Be 
cause pipelines ar are assuming increasing ‘importance in the economical 


“> evaluated to form the basis for sound conclusions and ‘recommendations. — 


4 to have its 1 views included i in the report. : 
study involved the cooperation of of several federal agencies, and the 


_ report i included information received from more than forty | state highway de- 
partments and ‘approximately sixty railroads. It contained incontrovertible 
= ‘facts concerning bridge-operating conditions and realistic estimates of the 
. _ navigational increment to the cost of bridges. J _ The study reveals at least nine 
4 significant points concerning conditions and costs in 1950: 


ae 


= Nors.—Published, La ny | as printed here, in April, 1956, in the Journal of the Waterways and a 
Harbors Division, as Proceeding ‘aper 936. Positions a and | titles given are those in in effect when the ‘paper 3 
was approved for publication in Transactions. 
1 Asst. to the Asst. to Federal Highway Administrator, Bureau of nai Roads, U. 8. Dept. of Com- 


_ 2“Navigational Clearance Requirements for Highway and Railroad Bridges,"’ the Clee of the Under 
_ Secy. of Commerce for Transportation, U. 8. Dept. of Commerce basta D. Cc., 


* Ibid., pp. 30-32; PP. Pp. 141; and pp. 144- 145. 
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were consolidated into the report, which has. isolated this problem. = 
ae The first premise was that all transportation costs are ultimately borne by : : 
a 
iP 
— ____ The third premise was that sufficient factual material should be collected | 
— 
problem, or whose activities might in any way be affected by the results of the 
— 
aa 
— 
= 
q 
vr 


eg a In thirteen states at. least 21 -movable-span | highway bridges and 2 and 2 rail- 
road bridges have never been n opened for navigation. 
Bb, In thirty states no less than 375 movable-span highway bridges and 179 
is movable-span railroad bridges were opened on an average of once & day o or less. 
a c. At least 424 movable-span highway and railroad bridges w were not opened 
a d. Navigational clearances have been required i in bridges to accommodate te 
few watercraft, including floating construction equipment and 


_ types of craft having projections not essential for movement of the craft. - 


ad 
to needs, as adjusted to 1950. price levels, is conservatively esti- 
4 mated at $754,200,000. _ This amount is 28% of the ad adjusted construction cost 
approximately 2, 200 bridges studied in 1 detail. 
— aif _ The increased | cost of maintaining and operating existing bridges solely 
for accommodation of watercraft is estimated at $16,900,000 annually. 
_ g. The increased cost of vehicular and train operations d due to navigation is a2 


On a specific waterway, studied in detail—the Altamaha River. 


traffic under only one ‘movable-span_ highway bridge, the estimate 
was $7. 24 per ton -mile of waterway traffic, 
_ t. According to conservative estimates, from $5,000,000 to $10,000,000 in ~ . 


ft construction costs and an additional $1,000,000 in bridge-operating — 
- costs can be saved annually without. unduly affecting y waterway traffic. _ These b 


nd 


spective future conditions strongly suggest that Mehnee transportation will _ 
on continue to bear this burden for some time. - This knowledge highlights the ; + 
basis for the interest shown by the Bureau of Public Roads, United States 
Department of Commerce (BPR), concerning clearances. 


flicting viewpoints as to its effective treatment. Certain waterway 
_ probably’ prefer to leave things as they are. Some overland transportation BY i 
groups may hope for complete relief from costs arising from navigational re- oO 


quirements. The BPR believes that the answer should reflect the over-all _ 
pe _ in ‘striving for effective treatment of the problem, the BPR will abide by | 


- the sound premises that are basic to the report. ~ Also, the BPR is committed to _ 
support the Department of Commerce recommendations for remedial action.‘ 


_ 4“Navigational Clearance Requirements for Highway and Railroad Bridges,” the Office of the Under 
Secy. of Commerce for Transportation, U. 8. Dept. of ae Washington, D. C., 1955, pp. +6. 
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terms of cost per ton-mile of waterway traffic, resulted in an estimate of $0.1375 
— 
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Summarized brielly, those recommendations provide ior bridge clearances due 
navigational needs based on transportation economics, except as require- 

p 

at 


ments of owned engaged i in 
commerce and other deep-water transportation are controlling. _ When the > 
exception applies, the federal government would finance the added cost of 
bridges due to navigational needs. These basic objectives would be achieved 
by classifying navigable waterways according to identified uses and by estab- _ 

lishing of standard navigational clearances for bridges. oust 


report and other developments with respect to bridge clearances 
show that treatment of this problem i is ina transitional stage. The change is 
from a concept that has expressly required the interests of navigation to be pro- 
tected in bridge-clearance decisions, often without regard to over-all costs or 
_ transportation economics,® to one that expressly requires protection of the _ 
public interest. with particular emphasis | on over-all costs and transp ortation — 
economics. The protection of the public interest also takes into account the 
needs of federally owned defense watercraft and other special needs of craft _ 


The Corps of Engineers (United States Department of the Army) formally 
- recognized this concept in 1954. Following discussions with the lool 
of Commerce relating to the inclusion of the views of the Corps in the depart-— 

mental report, the Corps issued a statement of policy, practice, and procedure 
_ governing the construction of bridges over navigable waters. This policy re- 


quires an economic analysis of comparative costs and benefits _ bridge- 


_ Other actions confirming the emergence . of this concept are the decision of 
"the Chief of ha sor and ‘the ‘Becretary of the Army on the navigational | 


clearances f 4 
-nesota’; an administrative instruction issued by the BPR'; a statement in the 
_ Hoover Commission report on water resources and power’ ; and a vient yeaa 
tion made by the commission's task force which studied this problem. 


“War Department Determines Bridge wired for Public Na tion, Civil Engineering, 


*“Bridges, Statement of Policy Practice ice and Corps ot Engre., U. 8. Dept. of ‘the Army, 


D. C., November, 1954 < 
7Publie Notice on the Application o of ‘the Minnesota Hi hway. for a Permit 


truct a Bridge Across the Minnesota River on Trunk ny °. 65,” " Corps of Engrs., U. 8. visits 
of the Army, St. Paul, Minn., June 22, 1955. 


cedure Memorandum 50-4.1, Bureau of Public Roads, U. 8. Dept. of Commerce, Washington, D. 


| beni 


“Navigation Clearance urements for Hi hwa Brid, ce,” ‘1952 Convention Grou Meeting 

Current Look at Navigational Clearance Problem, 1953 Convention Group Mostings, 
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threshold of a new era of national transportation policy concerning navigational = 
clearances for bridges.":2 Therefore, it is possible to undertake a review in ¥ 
| 
5 
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From a review a course of action can charted that will 
make it possible to appraise objectively the responsibilities that lieahead. 

___- It is generally agreed that the data collected for the Department of Com- z. 
merce report were adequate for the purpose of policy revision. However, addi- 
tional scientifically prepared information, nationwide in character, is needed 

enhance the validity of the proposed standard: navigational clearances 

_ bridges. Such information also is needed for decisions concerning the naviga- 


tional clearances to be required for individual structures. “te 


“thet the public is entitled to transportation services at the lowest possible - 

4 over-all cost. This premise is sound because it does not favor any specific — 

form | of transportation. It is sound also because it recognizes the coordinate _ 
eo existence of all forms of transportation, and it takes into account the over-all , _ 


Much needs to be done in the immediate future. The pam) is particularly 


_ The question of idee clearances across channels having an existing or author 
4 ized depth of more than 12 ft will not b be examined herein. = | 
In addition to the information being. obtained and published by the e Corps, 
4. is a real need to identify more specifically the nature and purpose of all 
_ fixed projections and the cost of feasible watercraft alterations that extend 20 ft 
~ or more above water when the craft are light. This proposal applies to water- 
i _ craft that navigate in channels having an existing or authorized depth of nol 
A more than 12 ft. The craft to be studied in detail (those having fixed projec- 
_ tions that extend 20 ft or more e above the water) represent about 20% of the — 
J total in this category. For example, of 9,953 watercraft, only 1,780 (or 18%) 
would be studied in detail. oil) or 
- With respect to the craft suggested for detailed analysis, information is is 
Bi on the feasibility and cost of hinged or telescopic devices (including — Oa 
telescopic pilothouses) and on the monetary effect of such adaptations on water- 


me = operations. — Information also i is needed to ascertain the extent of eco- 


1 


Ke The vertical clearance for future bridges act across the inland streams and 
intracoastal waterways should not be fixed at 20 ft above high water without — 
regard to additional facts. . Where adequate navigation exists, except in rare’ 
instances, the vertical navigational clearance for any fixed bridge across ‘the 
waterway would not be less than 20 ft above water. The actual vertical navi- a 
gational clearance would be based on an economic analysis of all relevant facts. ns 
In view of information which indicates that more than 80% of all watercraft 


“Fair Play in Clearances for Bridges,”” by Paul F. Royster, American Highways, April, 
“4 “Navigational Clearance Requirements for Highway and Railroad Bridges,” the Office of the Under __ 
Secy. of Commerce for Transportation, U. 8. Commerce, Washington, D. 1955, PP. 
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craft that have projections that cannot be modified. Theevidenceshouldshow 4 
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operating on the streams and intracoastal wate rways have fixed projec- 


= a tions of less than 20 ft, there is no need for a detailed study of any of the craft " = 
' in . this category. The remaining craft—those having projections of 20 ft or _ 
4 @ more—are within the area of the problem that requires detailed analysis. — mon a 
o i There appears to be no reason why all affected public and private waterway- i 
_ transportation interests would not be willing to cooperate with the federal 4 
government by providing the additional facts. 
This study of watercraft projections should clarify the extent to which | 
federally owned craft engaged in waterway construction or maintenance, or - 
_ providing aids to navigation, may be influencing bridge clearances and bridge 
4 costs. _ The added bridge costs imposed on governmental agencies engaged in 
‘constructing publicly financed highway bridges to’ accommodate 
_ owned craft, without those costs being offset by equal or greater public benefits, 
is ‘not policy. This situation can be illustrated by developments 


7 ‘in Washington (D. C.). In setting forth its requirements for inclusion in the 
_ Department of Commerce report, the Coast Guard (United States Department _ . 
-_ of the Treasury) indicated that the craft it normally uses for maintenance of 4 
buoys i in the channel require a vertical clearance of 97 ft. 
At the public hearings held by the Corps on May 10, 1955, concerning the 
feasibility of the 25-ft vertical navigational clearance proposed for the Constitu- __ 
_ tion Avenue Bridge as a fixed structure, the representative of the District of 
_ Columbia indicated that the inclusion of a movable span to accommodate _ 
craft requiring extreme vertical clearances would increase the construction cost 
of the bridge by $1,900,000. _ The record also revealed that a similar increase — q 
_ in construction costs, estimated at $1,500,000, would be expected on the antici- __ 
- pated replacement structure for the Old Highway Bridge if a movable span 


were required . Annual costs of maintaining and operating the movable spans : 


m3). ‘The representative of the Coast Guard at this hearing advised that by 
A 7 changing the type of buoys i in the channel upstream from the proposed bridge, _ 
: the Coast Guard could provide its services with craft that can be accom- 1 
- modated under the proposed bridge at an estimated increase in its ‘operating — 
a A similar situation existed early in 1955 with respect to the application of 
- the state of Minnesota for a permit to construct a fixed bridge across the Min- 
a - nesota River on Trunk Highway No. 65 (Lyndale Avenue). Construction of — 
t = > A the bridge was financed with state and federal-aid f unds. When the application — 


“clearance of 50 ft ‘above ‘pool to an economic analysis’ 
> Made by the Corps, the clearance required by the Coast Guard cutter serving 
_ the Minnesota River could be reduced by lowering the radio mast. x 
__ Because public funds pay for highway bridges and for aids to navigation, 
e realistic nationwide evaluation of this problem affects the public interest. “' 
7 The study also should reveal whether rules prescribing the height of lights — 
on . craft need to be modified. ‘The possibility that the public may be required — 


pay a additional millions for for highway-beidge clearances to navi- 
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‘BRIDGE CLEARANCES 


gational: lights o on relatively few watercraft, without a realistic evaluation of al- 
ternatives, is sufficient to arouse the curiosity of any taxpayer. 


media, communications experts need to explore ways and means 
“ily of overcoming the difficulties. innovations needed are no different from 


7 the improvements made in communications and transportation media in other - 
activities. conceivable that in such cases a mast or telescopic 


accomplished, some of the latest developments i in media can 
beexplored. The added cost of the most suitable innovation should be included a 
with other watercraft costs that may be compared with possible reductions in 
ws costs resulting from lower bridge clearances. 
tol special review is needed to evaluate existing minimum standard naviga-— 

\ tional clearances for bridges. The facts already available in the Department 
a of Commerce report demonstrate the urgency of this situation. A summary _ a 
“that watercraft of the United States registry (except fishing and pleasure craft) pel 


reveals that of 9, 953 craft listed, only 1,880 (or 18%) have fixed projections | of ; 
20 ft or more above water when the craft are light. Only 79 (less than 1% of - 
_ the total) have fixed projections that extend 60 ft or more above the water.* _ 
_ Aecording to the Department of Commerce report, the Navy Department 3a 
_ indicates it needs a vertical clearance of 59 ft across the Gulf Intracoastal 


Waterway.' Coast Guard indicates its maximum as 61 ft on ow same 


_ tional clearance for bridges across the Gulf Intracoastal Waterway is intended | 
; to serve the extremes in waterway traffic, including floating construction equip- 
Z ment having extreme projections not essential for movement of the craft. — The © 


_ evidence also shows that, in so far as this waterway is concerned, only relatively 
! _ few craft need to be studied in detail to arrive at an evaluation of the effect of — 
a lower vertical clearance for fixed bridges on _waterway-transportation | costs. "i 
Data concerning the number and characteristics of fishing and pleasure boats 
operating on these waterways also can and should be obtained. 
Information is needed on the necessity of operating and maintaining mova- 
4 ble bridges, especially in urban areas, and of requiring movable spans or extra- pts 


a ordinary navigational cl clearances i in new or replacement s} structures. . The extent _ Le 


to Prevent Collisions. of Vessels and Pilot Rules for Certain. Inland Waters of the 
oe and Pacific Coasts and the Coast of the Gulf of Mexico,” CG-169, Coast Guard, ms 7 Dept. of the Treasury, 
U. 8. Govt. Printing Office, Washington, D. C., 1957, pp. 6-7. 
“Pilot Rules for the Western Rivers,” CG-184, Coast Guard, U. 8. Dept. the 
Govt. Printing Office, Washington, D. C., 1957, pp. 1-5. 
--____-44-“Pilot Rules for the Great Lakes and Their Connecting and Tributary Waters, ”" CG-172, Coast Guard, af 
U.S. Dept. of the Treasury, U. 8. Govt. Printing Office, Washington, D. C., 1957, pp. 1-4. - 
18 “Navigational Clearance for Highway and Railroad Bridges,” the Office of the Under 
of Commerce for Transportation, U. 8. Dept. of Washington, D. C., 1955, p. 50. 
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or savings in costs should be evident. here 
such savings are not indicated, corrective action may be required.” wat) Ps 


A “a Naval architects and » marine developmental interests have a real o oppor- 
tunity to include a in watercraft on the drawi ing boards or in early 7 


¥ 


navigational ‘clearances based on transportation economics. Such requests are 
subject to any ‘special needs of federally owned watercraft. = 
A study is needed to determine the relationship, under federal and state 
constitutions, between the riparian rights of a landowner abutting a waterway — 
and the public right of navigation. ove 
Proposals have been made in the past that a bridge might be constructed _ 
across @ given waterway without regard to navigational ne needs if the owner of r. 
the proposed bridge acquired the riparian n rights of owners of lands’ contiguous — 
to the waterway and upstream from the proposed bridge. Summarized briefly, 
_ riparian rights give to the | owner of land contiguous to a navigable waterway 
the right to (a) reasonable use of the water p passing his property; () the flow — i a 
_ of water past his property subject to reasonable use by other riparian owners; 
and (c) access to the waterway, including use of his banks and construction | 
of wharves. These rights are subject to a paramount right—the public right 
of navigation, which, incidentally, is not a property right. The United States 
Congress may remove the public right of navigation on a given reach of water- — 
way without affecting the riparian rights of a landowner. This could be ac- a? 7 
complished by a grant of authority to construct a bridge without regard to 
navigational needs, or by a formal declaration that the reach of waterway is not 


* 


From a preliminary review of court decisions, ‘it appears that under the ; 
federal « constitution there is no requirement that a landowner be compensated — 
because the public right of navigation in front of his property, or downstream | 

therefrom, hen removed. é 


a Recognizing mis action is needed in the foregoing and other areas, there are 
at least six possible solutions that may result from efforts to arrive at bridge 


Car. “Navigational Clearance Requirements for Highway and Railroad Bridges,” the Office of the Under — 
Secy. of Commerce for Transportation, U. 8. Dept. of Commerce, Washington, D. C., 1955, p.47. 


Movable Spans Economically Justified,’’ The American City, September, 1955, pp. 152-154. 


J Asie ae Navigational Clearance Requirements for Highway and Railroad Bridges,” the Office of the Under a 
of Commeses for Transportation, U. 8. Commerce, D. C., , 1955, pp. 51-79. 2 
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having reasonable navigational clearances can be added at far less cost during 
Me ---- eonstruction of the craft than at a later date. Early action of this kind would a y 
be @ significant step toward desirable standardization of floating units in this 
4 Overland-transportation interests, both highway and railroad, should as- 
a certain more clearly their need for future bridge construction across navigable 
waterways, based on traffic conditions expected within the next twenty years. 
ae ‘ _ They also should realize that in filing an application for a permit to construct = ; 
ee. a bri across a navigable waterway, they may request the Corpstoestablish | | 
4 bridge gable waterway, they may request the Corps toestablish =| 
‘ 
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clearances based on the lowest over-all cost to the public. OA different solution ie: 
“may apply to different reaches of the same waterway. = 
Solution 1 —To obtain bridge clearances based on this concept n may require 


“navigational clearances than are e presently available. This condition may be ’ 
_ found on streams where waterway transportation has increased from lesser a 
~ importance to considerable importance since bridges were built. In such a case, 


_ if the cost of the bridge alterations and the added cost of new bridges that are a iat 


In effect, the decision would be based on a comparison of added bridge costs a 
_ due to watercraft needs with the cost of adjusting extreme ‘projections so that 
the craft could pass 3s under lower fixed bridge clearances than they now require. 

_A similar method of arriving at the lowest over-all transportation cost being 
borne by the public also might | be used; the Lyndale Avenue Bridge s Serves as 
Solution 3.—Over-all public savings might be achieved by shifting an ex- 
- isting waterway terminal al downstream from its present location. Such a shift 

_ would permit | closure or reduced operating conditions on _movable-span bridges 7 

and the construction of new or replacement bridges as fixed structures affording 7 

a The relative merit of such a shift in the location of a waterway terminal can a 
_ be recognized when the watercraft that require excessive bridge clearances — 

carry petroleum products. A iff the cost of establishing and operating a waterway | 
terminal at a point below. “existing ng or prospective bridges (downstream from i 
an established terminal) and the cost of pumping petroleum products to the 
upstream storage plant are less than the bridge costs required for celine’ 
A waterway movement | s on craft necessitating excessive bridge — 
clearances, then these clearances should not be required. 
situation illustrating this condition exists on the Potomac River. 
August 23, 1955, the Department of the Army approved the plans for con- 7 
structing the proposed Constitution Avenue Bridge as a fixed structure with a 
7 vertical clearance of 27.5 ft above mean low water. As indicated previously, 
this fixed bridge will cost approximately $1,900,000 less than a movable-span 7 
; _ bridge. _ An additional saving of $1,500,000 in construction costs can be ex- 


_ pected through the proposed use of a fixed bridge to replace the Old Highway = : 


Bridge, an obsolete swing span. Be In both instances the need for operating and 


maintenance costs for a movable-span bridge will be ¢ eliminated. yok 


_ and proposed for the other structure will accommodate barges and tugs, 
- moving sand and gravel, and certain types of barges and tugs hauling perce — 
products. However, the fixed structures will not permit passage of fselt-propel- a 


barges ‘and petroleum tankers that heretofore this reach of the 


aa 
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Solution 2.—Bridge clearances that are based on this concept may require a 
modification of watercraft projections so that the craft can pass under fixed 
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river. Testimony of interests at the Corps hearing concerning this 4 

_" . A condition—and their statements that they must rely on the latter type of craft vay 
‘ _ during adverse weather—led to the suggestion that the relative merits of a og 
downstream waterway terminal and pipeline should be. ‘considered. The merits > 
3 of the proposal in this instance are evident by the approval of the Constitution — “se 
- This solution would not necessarily apply solely to waterway movement of pe 
senhinei products. The movement of other products cannot always be 

- shifted from waterways to other transportation media as readily and as eco- 

nomically as petroleum products can be shifted from the ‘waterway to the 
pipeline. The foregoing example describes an area of transportation relation- _ 
ships that needs careful study in future bridge-clearance decisions. 
Solution 4 —This solution involves the removal of any requirement of navi- 
= clearance for a new bridge to cross a specific reach of waterway and — 
lows all existing movable bridges on the reach of waterway to be permanently 

closed. Conditions warranting this solution may be found primarily on 
upper reaches of certain navigable waterways, in urban areas where many 
movable bridges cross the waterway, where several new or replacement struc- 

_ tures are contemplated, and where a relatively small volume of traffic moves — 
on the waterway. In such cases, if expected bridge costs due solely to naviga- ’ 

_ tional needs cannot be offset by equal or greater savings in waterway-transpor- 
tation costs, there will be no justification for navigational clear clearances in new Or , 

Solution 5—The waterway can be declared nonnavigable by an act of 

Several such enactments are in the statute books already.* During» 

: its first session, the 84th Congress enacted five laws. declaring parts of water- a 
: ways as nonnavigable. Three of these waterways are in Connecticut,?5?*27 
the fourth is in Kenosha (Wis.),” and the fifth is in Boston (Mass.).% Such 
acts eliminate the need for. considering clearances. 


way interests the United States can be assured that the ‘BPR will 
‘not advocate reduction in bridge clearances when they are economically 
_ justified. Asa public agency responsible for promoting the development of one 
4 =—— of transportation, the BPR is fully aware of the need for other forms of — 4 
movement. Nevertheless, because it is charged with the responsibility of ex- _ 


or more in return. . The profit motive that actuates private enterprise is equally 


7” pending public funds, it must insure | that every dollar spent is is bringing a dollar 4 ; 
applicable to the conduct of this area of the public business. 


«Navigational Clearance a Y for Highway and Railroad Bridges,”’ the Office of the Under 
— ‘Secy. of Commerce for Transportation, U. 8. Dept. of Commerce, Washington, D. C., 1955, pp. 156-157. 
3 Public Low 168(S. 1300), 84th Cong., Ist Session, approved July 12, 1955, U. 8. Govt. Printing Office, 
% Public Kan 161(S. 1469), 84th Cong., Ist Session, approved July 12, 1955, U. 8. Govt. Printing Office, 
_- Public Law 289(S. 2614), 84th Cong., Ist Session, approved August 9, 1955, U. 8, Govt. Printing Office, 
Public fee 160(8. Ist Bession, approved 1955, U. Gent, Printing 
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a The last point to be made is related to the interest 0 of the he BPR i in the juris- — io 
dictional aspects of bridge clearances.  Itis appropriate to spell out the BPR’s 


The BPR has no interest in obtaining authority for itself to make final - aa 
4 wae: in 1 bridge-clearance ca cases. That authority i is now vested by law in the — 


Chief of Engineers and the Secretary 


The B BPR’s views on the jurisdictional aspects: of this problem can be ex- 


=. pressed as a continuing desire to maintain mutual respect and integrity in all 7 
the relationships concerning treatment of this problem. _ Under recently com- - 


have been instructed to furnish the Corps with needed 


highway bridges using the federal- ‘aid system. The information being 


i _ _ The services of the BPR are available to the state highway departments for 


economic studies of highway-bridge costs relating to the problem of naviga- —~- 
- - tional clearance in special cases, with a view toward determining the relation- _ 
ship of those costs to waterway-transportation benefits and toward recommend- a 


ing corrective action wherever appropriate. — These studies may require the 


cooperation of other surface-transportation interests. 


a 
4 
a 
_ Turnished in such cases should contribute toward reasonable decisions concern- 
The BPR is especially interested in cooperating with all public and private AG 
surface-transportation agencies and groups in the development of scientifically 
validated techniques for bridge clearances based on transportation economics. 
— eonjunction with the development of those techniques, it is prepared to 
p q prep gg 
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BRIDGE 
NEED FOR, A REALISTIC APPROACH 


Operators ma craft on the inland waterways of the United States recognize 
- ‘ the need for a p practical approach to the problem « of bridge clearances and de- 
sire to cooperate in arriving at satisfactory solutions. _ The agreement reached 


ressway is used as an Ba, . 
Any standardized formula to all would jeopard- 


The operators of towboats, barges, and shallow-draft motor tankers” on 

more than 28,000 miles 5 of the navigable 1 rivers, harbors, and 1 inland waterways ; 

_ of the United States are aware of the urgent need for a practical and realistic 

_ approach to the problem of horizontal and vertical clearances on railroad and a 

highway bridges. constructed over those waterways. Although t the construc-_ 
_ tion of railroad bridges has remained fairly static in recent years, the tremen- 2 

dous increase in the number of licensed motor vehicles, used for both business _ 

and pleasure, has necessitated a comprehensive highway building program, 

with a resultant number of river crossings to be constructed. > 

The United States has most certainly become a “nation on wheels,” and, — 

indeed, “nation on high-speed wheels. Many areas there is re relocation 
and i improvement of trunk highways and feeder roads. In particular, there is 4 
noticeable construction in state after state of the so-called “tarnpikes,” “thru-— . 

ways,” or “expressways, " which a: are toll roads constructed without federal aid. 4 

-Expressways are geared to a high-speed, uninterrupted flow of vehicular 
traffic. The thought of a drawspan over a navigable waterway at any point 
on an arterial high-speed road causes engineers to shudder because they quite 
es envision only fixed bridges to accommodate a traffic pattern of heavy — 
density moving swiftly and without interruption. 


With fixed we being considered “the order of the day,” the inevitable _ = 
controversy ar 
will be amber and reasonable | for the: present and future needs of water-borne 
commerce, and the agencies responsible for the design and construction of the : 
bridges, which naturally seek to reduce costs” minimize engineering 


difficulties. In the past the navigation interests have been charged with being = 


Harbors Division, as Proceedings Paper 937. Positions and titles given are those in effect when the paper 
was approved for publication in Transactions. 

1 Executive Vice-Pres., The New York Tow Boat Exchange and Harbor Carriers of the Port of New 
York; Secy., The New York State W aterways Assn., Inc.; and Secy.-Treasurer and North | Atlantic Regional — 
Representative, The American Waterways Operators, Inc., New 


- Nore.—Published, essentially as printed here, in April, 1956, in the Journal of the Waterways zt 4 
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reactionary ond arbitrary with regard to demands for excessive and unwa 


Re 


ranted vertical and horizontal bridge clearances. _ Although it may be viel 


| represent the 
is clearly understood that each additional foot of clearance, especially 
vertical clearance, adds substantially to the cost of the construction of any 
bridge and may well add considerably to the complexity of the engineering ~ me 
4 problems of erecting the bridge. There i is complete agreement on the partof 
vessel owners with the desire of the designers and constructors of these bridges =e 
7 to hold such costs and engineering difficulties to the irreducible minimum. bad? en 
_ Pe However, the public Tight of navigation—that i is, the right to proceed from + 
place to place by water without unreasonable interference—has been clearly 
Bay by statute, practice, and custom since the earliest days of i 
United States. . The proper ex exercise of this right is just as as much in the public 


bal 


; - interest a as the economical construction of highway and railroad bridges. eM 

_ The ever-increasing awareness by industry of the benefits of cheap water — 


Pay transportation of raw materials and finished goods has Tesulted ina tremen a 
-dous upsurge in the construction of industrial ‘plants, powerhouses, and fac- 
i a tories along the banks of navigable waterways, particularly in the midcontinent bia 
area. If industry i is to grow and prosper, with resultant benefits to everyone, 
unreasonable restrictions on water-borne movements of raw materials and 
finished products must not be allowed to impede it. od 
- Traffic on the inland waterways has been increased by agricultural and 
- industrial shippers of bulk cargoes (fuels and basic raw materials and products) 
a to the extent that the eleven principal navigation channels are saving the 
_ shippers in transportation costs more than double the total of (a) amortization i. 
a the cost of construction, (5) interest on the investment in the channels , and 4 


(c) the cost of maintenance and operation. One channel has a reported ratio — ¢ 
 s ‘The following ratios of benefits to costs prevailing on eleven principal a. 
tanta have been determined by the Corps of Engineers (United States 


Gult Intracoastal Waterway. . a 8:1 18. 
Monongahela River. . 9 


Kanawha River dic 2.9: 
New York State Barge Canal System. . 
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CLEARANCES» 


The C Corps” of Engineers has based the foregoing co! computations on 


savings: in transportation costs, or on the difference between economical barge 


ings to shippers through watercompelied freight rates that are lower 


than the rail rates would be without barge competition. Barge transport pro- a ‘3 


7 vides another economy for the , shipper i in the differential in handling costs of Pa 4 


- bulk commodities. It is easier, cheaper, and faster to load or unload one 

7 1,000-ton coal barge than twenty-five 40-ton coal cars, or one 1, 000,000-gal oil 4 ¥ 

barge than one hundred 10,000- gal tank cars. fir bind 


‘The tug, barge, ‘and shallow-draft motor tanker operators have been 
‘erating wholeheartedly _ with railroad and highway interests in an effort to a 
work out reasonable and mutually acceptable vertical and horizontal naviga- 2 


tional clearances on new bridges. These efforts have proved successful and, __ 


a with i increasing understanding and 1 recognition by all ix interests of ' the problems, 

of the other parties involved, an 1 enlightened and constructive approach to 
these problems can be expected in the future. 

The vessel operators in the northeastern part of the United States have 

or reason to be proud of their record in such matters. A particular and timely 

example of this cooperation can be noted in the series of compromises leading 

4 to the fixing of all navigational clearances on the fixed bridges spanning the — 
. numerous rivers with a high ‘marine-traffic-density pattern along the route « = 


: - _ the Connecticut Expressway. Much has been accomplished through the 
efforts of the navigation interests and the bridge builders, but much a 


Vessel owners have been the possibilities of the modification of 3 


the physical characteristics of their vessels in order to provide for the retrac- _ a 
tion, where feasible, of fixed projections above the normal superstructure of 


tugs, barges, and motor tankers in order to reduce the vertical-clearance require- 


& practical aspects of vessel construction and operation, the caution with 
which the navigation interests have approached t this matter appears to border 


However, one seriously considers the many difficult problems in- 
ee in an industry-wide program 1 of structural modification of the physical — 
characteristics of vessels, the question cannot be dismissed so lightly. *Histori- 


modification | program ‘could well ied a serious factor from a ‘competitive ‘stand- 


"Aside ‘from t the cost grave, doubts have arisen among many respon- 


table masts, radar antennas, and other navigational appurtenances required 
‘ onep a vessel is operated interchangeably in “inland” and ‘ ‘offshore” "commerce. 
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is oprated interchangeably in “inland” and “of 
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regulations, both’ by statute and ‘promulgation, covering 


certain lights are so rigid and inflexible that they make the Teighta 0 of Tight 
supporting masts entirely beyond the control of the vessel owner. 
ee... vessels operating alternately under inland and international rules, it 


"ment of the Treasury) i in this matter: 


might be possible to design, or vertical 
sit _ ing above the superstructures of watercraft, however, it may not be practi- 
eal or safe for masts, radars, smokestacks, kkingposts, antennas, etc., to be 
i aie possibility also exists that the vessels, after such alterations, might — 
. violate certain provisions of the statutory international and inland Rules to 
is Prevent Collisions of Vessels, which require that navigational lights of — 
e water-craft be placed at certain specified heights. Vessels altered in ac- _ 
a with (the) conclusions * *-* while operating at night might aE 
4 required to alter the normal position of their navigational lights in order to — BSc 
pass beneath an overhead obstruction. This would be a technical violation 
oll of the aforesaid Rules. In event of collision in such cases, it is quite pos- Ts 
sible that civil liability would be predicated anf the failure sed show proper Re ; 
navigational lights at the time of casualty.” 
However, the 1 marine industry is not overidokinginy possibilities 
__ these lines, and it is gratifying to report that considerable progress has already — 
2 been made in lowering fixed objects on n vessels, e either | permanently or by retrac- 


tion, in n order to minimize e vertical-clearance requirements. = 


The problems to solved on ‘bridge-construction clearances vary. 80 


oe greatly with the location of the structure, the nature and volume of the’ traffic 7 


_ Corps i in granting applications for the construction of a any bridge over a 
; ee ‘The policies? of the Corps act asa continuing safeguard of the rights of navi- 


gation and other forms of surface transport: 


rome navigation interests sleles their cooperation in this question, but are 


AEs definitely and vigorously opposed to the setting up of constrictive so-called 
are g ‘standardization” formulas, which could be used to the detriment of water 


“Statement of Policy, Practi ce and Procedure on Bridges, ” Corps of Engrs., U. 8. Dept. of the Army, 
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nt ea] Marine interests ae become increasingly aware of the problem of bridge ll 
clearances | across ‘navigable waterways and recognize the need for a ‘realistic 
= approach to its solution. The increase in waterways traffic, the larger sizes of — 
. _ tows, safety of operations, and statutory requirements combine to prevent the 
adoption of set standards for bridge clearances. These points are developed 


_ to illustrate that each oremsing should be considered on its own merits. Bid; See 


For several years mariue interests have become increasingly aware of the 
ever-growing and pressing problem: relating to bridge clearances across 
_ Waterways. _ The need for a realistic approach by navigation interests to meet ies a 
ok In the past some marine operators have asked for excessive bridge clear 
ances. To ascertain just what mistakes may have been made in the past is to 
-- engage i in hindsight and afterthought. It is not possible to analyze the circum- -— 3 
ee stances and facts that prevailed at the time the decisions with respect to such 


wey Gs The continuous and ever-increasing growth of land transportation is a ae 
Bao matter of record, and with it has come the obvious demand for an extensive — “ei a 
and bridge building program. It is equally true that the inland-— 

ay _ waterway industry has experienced a phenomenal growth during the same — 
period. Despite the fact that waterway transportation is the oldest form of 
the waterway industry is still in its early stages. has 


_. Inland-waterway tonnage throughout the > United States has shown re- a 


markable increases from nearly 17 billion ton-miles, excluding the Great Lakes 4 


area, i in 1937 to roughly 90 billion ton-miles in 1955. Although the ‘pational 
a. % economy expands at the average rate of 4% per yr, the waterways traffic has i ; 


The need for greater efficiency produced innovations. The size of ves 


as printed here, in April, 1956, in the Journal of the Waterways and — od 
‘aper 988. Positions om are those in the 
was for publication in Transactions. — 
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form of mass water transportation toentireareas, — 
vad Navigation ‘interests are opposed to the inauguration of for 
bridge clearances because it is believed that any such attempt is wholly unreal- 
istic and impracticable. In 1948 the Corps of Engineers (United States De- __ ae 
_ partment of the Army) established a general standard of 73 ft vertical and — on - 
4 (125 ft horizontal to be applied to new construction and replacement of bridges — ss 
* across the Gulf Intracoastal Waterway. However, , such a standard was to be - 
- considered merely as a guide because each application should be considered on 
As an example, the waterway operators approved a fixed bridge across 
Gulf Intracoastal Waterway with a vertical clearance of 50 ft. This clearance — 
was approved on the premise that there is a reasonable alternate route available | j == 
or the movement of heavy lift and maintenance equipment. pa One’ type of prob-— 
Jem occurs when an alternate route is available for such equipment, and another a 
dime when there is only one access to the area involved. > Te is quite true that — 
be the: percentage of this type of equipment i is small, but it is of primary Sime \ 
portance. Good facilities are as important to the waterway industry as fire 
and ambulances are to cities. sinking in a ‘waterway may com-- 
_ pletely obstruct an important channel, and the industry is dependent on heavy — 
lift and maintenance equipment in ane emergencies. The intensive offshore _ 
oil drilling program in the gulf coast area necessitates the movement of heavy _ 
A equipment. It would not be advisable to permit the construction of low fixed 
_ bridges that would hamper this important operation. Similar tenths may 
It is interesting to examine the progress made on the Gulf Intracoastal — 
os Waterway, which reports the highest ratio of benefits to costs of any waterway _ 
in the United States. It was not until 1929 that the Corps began digging the — 
be channel at Bayou Black, just south of Lake Charles, La ., and ‘it was not — 
fa 1949, that the last link from Corpus Christi, Tex., to Brownsville, Tex. 
was completed. It was optimistically estimated that this channel would 
+ mately develop 5,000,000 tons of traffic per year. This “‘little ditch” trans- 
ported approximately 44,000,000 tons in 1953. World War II caused iabeerepe 
tions of work on many public projects, but it was responsible for the enlarge- — 
ment of this canal. While tankers were being sunk ‘by enemy 


7 sight of the coast, 


_ of the ati were  inereased from 9 ft by 100 ft to 12 ft by 125 ft in 1942. 
‘ The need for enlarging the canal to 16 ft by 300 ft is being studied by the Gansine' . 
It is a fact that if low fixed bridges had been built across the Gulf Intracoastal _ 
_ Waterway it could never have developed to the industrial and economic po- 
tential that it is at present. Some sections of this co , 


from a virtual wilderness to an industrial empire. 


— 
serious problem to navigation interests and to the general public. An 
| __ realistic approach to the problem could not only greatly hamper present water- _ — = 
a 
— 
; 
a 
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The of ho and vertical navigational increase 
bridge costs. It is believed that the horizontal clearance for safe navigation | 
_ depends on the location of a bridge. In so far as horizontal clearance i is con- _ 
a. cerned, safe navigation depends on the width and depth of a. = 


Ae wind action, and various other factors. Therefore, every bridge application — 


should be carefully scrutinized, and horizontal clearances should be determined 


by the channel conditions ata particular location. 
_ The report? of February, 1955, is ‘primarily concerned with the problem of Pe 


vertical clearances for fixed bridges. Navigation interests would certainly pre-e 


fer fixed bridges ‘provided that such structures do not unreasonably obstruct _ 
navigation. This is particularly true on confined waterways such as the Gulf 
é Intracoastal Waterway, where such facilities may be built with the piers placed 


> 


cae When the question of fixed structures over navigable waterways arises, one 
fh ‘must take into consideration that the clearances provided are those that =o 
exist for the next three- -quarters of a century. As noted previously, tows have 


inprensed enormously within the past few.years. Bia 
most tools ata 8 command a are e his v vision and his 


il have the pilot house 45 ft above the water line, and the buoys will disappear — 
from the line of vision 355 ft ahead of the tow. When a tow 1,000 ft long 
~ (longer tows are being operated) with the pilot house 35 ft high is operated, the 


_ vision disappears 865 ft ahead of the tow, and when the pilot house is 45 ft high, te 


pilot loses sight of the buoys 595 ft ahead of the fio 
Much attention has been paid to the feasibility of adjusting projections, . 


The ‘safety factors involved in such | 
deserve the n “most. careful scrutiny, and the problems: are being 


“Navigational Clearance Requirements for Highway and Railroad Bridges,”’ the Office of the Under 
Secy. of Commerce for Transportation, U. 8. Dept. of Commerce, Washington, D. C., 1955. eben bi 
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of these problems may readily be solved; others present many dithculties. 
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oe re tors and highway officials of various states. It is believed that the realistic = | | 
3 annraach to thie nrahlem is cannerative action on the nart of all eanrernad = 
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BRIDGE CLEARANCES 
The devilepacent of transportation in the northeastern United States, par- 
la ticularly i in New England and in New York State, indicates the importance of _ 
iz navigation in the area as a whole and illustrates the role of navigation clear- — 


ances in the integration of several transportation media, § 
“4 are given \ of 1 marine architecture adopted to minimum clearances, and other ex- 


"tiveness of zoning in view of the present Sracept of navigation righta i is illus- 
trated. Clearance is a problem wherever navigation and land transport exist “= 


i and there i is 8 need for a more complete study of all waterways and t watercraft — je 
leading to. a ‘determination of clearances and navigability. J 


a tended: a This, of course, merely illustrates the fact that when a a matter is ap- ge 
_ proached from a different point of view, one sees facts differently, and, not un- F** 
commonly, different facts are seen. Only i in this 8 way can they all be examined 
in order to serve as a basis for an objective ¢ consensus. wh 
Navigation clearances are of importance because of on the 


. 7 - integration of the several media of transportation for the most economical over- 
all cost to the public. A brief resume of transportation in the northeastern 


states (New England, New York, and New Jersey) will illustrate the point. | 
Much of the transportation in the United States has developed in this area, 
hese 


its history can illustrate many factors. mand he 
: 


due 
- It is evident that there are many differences of opinion einioaties the 


on which 80% of the world’s shipping operates. reer of 1957 these ports handle 

ome third of all the water-borne tonnage in the United States—namely that = 


inland rivers and the Great Lakes, and coastal, intraharbor, : an 


fact i is graphically illustrated in Fig. 1, in which the width of the traffic route 


_ indicates the relative proportion of of shipping using that track. 
UR The t region has a tidewater seaport 150 miles inland, giving access to that * i 
” which is the first break through the Appalachian 7 
4 yi Nore.—Published, essentially as printed here, in April, 1956, in the Journal of the Waterways rs and 
Harbors Division, as Proceedings Paper 939. Positions and titles orm are those in effect whea pea paper 
was approved for publication in Transactions. 
Engr., Bureau of Roads, of Combes, Albany, Noy. 
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ES Mountains north of their southern end, and which is, traditionally, the 
; a most important “route from the eastern seaboard to the west. There are 
_ few other important inland waterways other than estuaries, but the history of = 
_ the region and its present economy are closely interwoven with navigation in ¥ 
phases. The area traditionally has been the ‘ of 


ste 


wigae 4 
to 
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_ States and is rather sparingly provided with natural resources except for water- _ 


power, and, hence, is much concerned with all transportation to distribute its — 

and) RANSITION AND DEVELOPMENT OF TRANSPORT 


The population. density is high. From the tower of ‘the Empire State 
Building i in New York (N. Y.), one can see the habitat of 10% of the popula- _. 
toe of the United States. Here are enough people to use all forms of trans- 
_ portation sufficiently to justify them ; to indicate the proper place of each form = 

of transportation in the integration that will best serve the public; and to il- 
 lustrate the conflict between these forms for space, clearance, and operation. 
_ Perhaps nowhere has there ever been the development of toll roads and — 4 
4,4 _ canals which occurred in the state of New York in the nineteenth century. As — - 
_ the railroads were ines westward, ‘these toll roads and canals, with few excep- — 
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BRIDGE 
tions, In competition away seaports the railroads} pro- 
vided a service not possible to any other media at that time. Population and 
industry were still too sparse in the interior to support more than one effective a 
medium. Therefore, free highways, toll roads, and canals failed to gi get patronage < 
and fell by the wayside. At the beginning of the twentieth century, no evalu- 
of nationally important transportation i included won 
Today (1957), on the main stems of a few of these inland waterways, water- 
nine traffic is again in evidence. The free public highways and the toll a 
are important transportation media. Population and industry support all 
these 8 electively. The famous water-level corridor - contains, i in addition to bE 
the sole survivor of the many canals, a major railroad system and three high- — 
ways, each of them busy thoroughfares. Comparable conditions exist on 
ow waterways which are paying « or have a chance to pay their | way—that is, , these : 
different media follow the same general corridors, and este parallel, cross, com- ao 


Many economiste are at the “economic waste’ in the 
duplication o of transportation media to be found in ‘the United States. Be- 
we cause these media do not normally operate all the time at their maximum — 
_ basic capacity, this duplication seems to imply to them that some of these 
- media should be eliminated, or at least that some should not be extended. . 


There are those who would put the inland waterways in this category be 


~ transport media appears rather | to have vedueed. the total cost of transporta- J 
tion. In 1929 public transportation cost the public one-thirteenth of its in- ye 
- come; in 1952 it cost only one-nineteenth. These dates cover the period when 
sg these ‘ “outmoded” m media made > their “comeback. ” Although those in the 
transportation industry feel that they have not been receiving an adequate 
return, the difference in percentage appears too great to be explained so easily. oo 
uh It seems wholly logical to assume that if public patronage supplies suffi- 
cient revenue to maintain any service, that service justifies its existence. — 
_ When such | support is witheld the service cannot exist for long. These state- 
ments are, of course, oversimplifications, but they state a proper basis for 


_ justification and analysis of the transportation system. That these principles — 
- operate is demonstrated by the constant decrease in railway mileage, the ob- 
solescense and revival of some waterways, and the return of (eepe- 


stretch of indicate obsolescence or lack of need for railroads 
as a whole. Neither does the resurgence of waterways traffic under certain cir- 
cumstances indicate that all waterways will become economically sound ar- — 
teries of transportation. Bulk commodities in quantity are the backbone of 
~ such traffic and therefore generally point only to main-stem waterways serving 
population centers. Traffic on inland waterways has been growing, but 
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952 
the total transportation effort, and the ratio can hardly be to 
_ changing rapidly. The changes which have been and are occurring in trans- 
4 portation reflect the integration of the various media into a system best adapted : - 
* to present public needs. The changes also reflect the change in the relative 
o - value of each of these media, which is due, at least in part, to the fact that the 
public now has, can use, and does support a wider selection of transport services : 
than it did formerly. odd & to teen add 1): wi oT 


abe These considerations are of great importance to all surface-transportation | 4 


. J particular watercourse will support navigation and need provision for clear- ‘a q 
a a ances. One existing medium, or its actual or fancied possibility, should not im- J 
_ pose a cost on other media without a corresponding benefit to the ‘consumer. — 
As has been noted, 2 basic studies have been made of some of the costs in- 4a a 
curred by highways and railways because of the provision for navigation. a 
_ These studies have become public documents and are available. They are 
elementary but are sufficient to indicate the problem and the need for action, "a 
and to point the way to further study. 
tied? by SPECIFIC: ILLUSTRATIONS tun” ob send? 
A resume of the highlights of these problems in the northeastern United 4 
States will amplify the foregoing material. od wiboor 
_ The water-level corridor that has been cited applies to the Hudson River . 
4 from the city of New York to Albany (N. Y.) and west from Albany up the 
4 Mohawk River, Oneida Lake, and the Ontario plains (all in New York State) 
7 4 to Buffalo (N. Y.). This corridor contains some of the most important sur- 
c face transportation in the northeast and the United States. ts” 
oh The New York State Barge Canal | system includes the Hudson River. me 
a ‘main branch goes through Lake Champlain (New York) and is a more truly 
- water-level route than that up the Mohawk River. By way of Lake Cham- 
plain, the Richelieu River (Canada), and a small parallel canal, tidewater at 
Albany is connected with tidewater below Montreal (Canada). However, it 
- a should be noted that this fact in itself induces little waterway traffic. The 
state of New York built the barge canal i in the corridor west of Albany, bates : 
¥ ning in 1905 after traffic on the then-too-small Erie Canal had practically — q 
‘vanished . What is now the New York Central Railroad had occupied this 
“ corridor for many years by that time. There are (as of 1957) 309 highway 
and railway bridges over the canal system. _ Because both the highways and — 
5 the canal are under a common stewardship, it would be reasonable to assume — 
- that each would be treated as equitably as possible. The state has required — 
15 ft of clearance above canal water level for a canal limited to a depth of 12 ft 
over lock sills. In a modernization program begun during the 1930’s, certain 
sections were proposed to be and are being given 20 ft of clearance. == ey a 
‘Under such conditions the shipper built his craft. Fig. 2 shows a typical 4 ; 


doubtless will be the factors that, in the end, will determine whether any 


= operating on the canal (and on the Hudson River). This tow has the 


“Bridge Clearances: The of the Bureau of Roads,” by Walter Kurylo, Transactions, 
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Om Tow with Hincep Mast at STERN 


pilot h house. Fig, 3 shows the basic limitation of the size of tow—it fills the 
lock. As a matter of interest, the locks giving entrance to the old Erie Cana 

are visible at the right in Fig.3. 
For dry cargo a somewhat different craft is used—an articulated, self-con- 
“tai _ These en are the full width of the locks less 


i 
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BREDGE CLEARANCES 


=i 1 ft. Ap power s section complete w with pilot — is used at the st stern. - It should 


= be noted in ‘Fig. 4 that there are no stacks or fixed projections other than the ’ 


‘ pilot house. Each tow carries about a trainload of cargo. When empty, these — 
craft have a a freeboard of from 12 ft to 14 ft, and the pilot house has to be 
q lowered to | pass under bridges. — The 2 lowered pilot house is shown in Fig. 5. 
These illustrations show what can be done when necessary, as i wall 


hich a 9-ft channel prevails and much of the cargo moves upstream against 
q stiff current. A trainload of cargo” has little attraction for the operator of 
La Se < 
- such a tow. Coal, « once a major tonnage on the lower Mississippi River, r now 
= along that part of the river mostly by rail and commonly by trainload. 
Tows have the cargo ci capacity of modern deep-sea transports—that is, four, 
Bo or six trainloads. The funnels ar are usually ’ the highest projection. ‘The 


modern ‘Mississippi River towboat, under ruling clearance fixed by 


or maintenance equipment and therefore having little or no 4 


Ision toward restriction of vessel height, , has a pilot house from 25 ft to 30 ft : 


5 3 the world by fleets of the type of vessel shown in Fig. 7. This was the rit 
and passenger carrier when navigation on the Hudson River was in its hey- ; 
q day and probably \ was a determining factor in fixing the clearance of the 


_ Brooklyn Bridge in New York. These craft generally had a 95-ft keel and | q 


masts of from (125) ft to 130 ft. In that era, hundreds of these schooners could 


be seen at any time in the Harbor Basin at Albany. The last remnant of this 
basin is being filled in (1957) primarily to provide a bypass to keep truck : 
trai off the do downtown streets of Albany. The modern Port of Albany is 


now well below the lowermost bridge, 1 = “serves” Albany and spa spans the 


| — 


a 
q 


— 

— 

— 

— 

— 

— 

— 

a 

— 


‘Rr. 5.—Dry-Carco Tow Pot 


t ical- lift bridges, giving clearances of more than 130 ft, and de Cage 7 
Above | that point there are only fixed bridges with barge-canal clearances L, 


There is no substantial traffic above the port other than for the canal system 
In the not-too-distant future several other Langa over the Hudson River wil 


An important question wil 


CLEARANCES 


= then be raised: Shall this new bridge provide the same — as the old 
eS above and below it merely because they do, : or oe for present an 

At the other end of the Hudson River is New York City, one of the world’s | 

- major ports. — A view of this port, looking toward the Narrows, is shown in 

_ Fig. 8. It should be e noted that this port has been kept clear of ‘obstructione) 

_ The lowermost bridge over the Hudson River, the George Washington Bridge, — ; 
Yd is shown in in Fig. 9; this bridge is is no obstruction. — ‘The clearance o! of over 252, ft 7 
‘is: more than 50 ft greater than needed by any existing or contemplated vessel. 

; The proposed lower deck on this bridge will use only a fraction of this excess _ 
clearance. 


es The island of ‘Manhattan Retains nates the city and the port. . The island is | 
surrounded by the Heden River, the East River, and the Harlem | ss 


| 


‘The 


i Queens, and the Bronx lie east of Manhattan, and these four bosonahe 
_ surround the work area of the New York part of the port. The Brookly 
Bridge, which was the first permanent bridge to be built in the port, is th 
eae bridge over the East River.’ This bridge fixed the clearance ove’ 
‘River at 132 ft. Nevertheless, sailing vessels, which ct carried the 
world’s cargo go when the bridge was built, removed their topmasts to 0 pass unde 
it. The Brooklyn Navy Yard was then and is now above this bridge. I 
‘Fig. 10 the U. 8.8 S. Saratoga (with a hinged mast) is shown passing under th 
Brooklyn. Bridge. ~All other bridges over the East River have approximately 
& the same vertical clearance, the Triboro Bridge being the latest and ‘uppermost. 
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;BRIDGE CLEARANCES 


or New Yor« (N, Y.) Looxine Towarp THe NARRows 


or New Yor«, Looxine ur River From Straten Istanp (N. Y.) 


Fre. 8 Por 
— 


‘ 


Fro. —Port oF Naw Loox HARLEM River 


10- —U.S.8. Passinc UNDER THE BROOKLYN 


Wig. 11 shows the Harlem River, which can be called” the 


part of the port. Ashes and garbage form a large part of its traffic. - There > : 


are e bridges every few blocks, and there are tunnels, which cannot t be seen in 


Fig. 11 and which are twice as expensive as a bridge. _ Topography fixed the 
clearance of a few of these permis most of them are swing bridges. — 


SS i 
a 
— 
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open. This craft is owned by a railroad, which uses this method of 


its goods. Over an extended Period of “observation, only one other type of 


craft using this waterway did ; require ‘openings—a , sailing yacht w with a mast 


70 ft high or more; Fig. 13 shows the answer. 


All craft regularly using the Harlem River are required bya a . regulation’ o 


the Corps of Engineers (United States ‘Departm ment of the Army) to accom-— 


_ modate themselves to a clearance of 24 ft so that the bridges need not be opened. _ 


freely shunted up and down ‘the Harlem River and around the harbor. __ 


This is sufficient clearance even for the barge loads of freight cars that = 


- One of the bridges shown in Fig. 11 carries the New York Central Rail- 
road passenger trains into New Y York ey. total cost of this — was 


Fic. 12.—W ORK CRAFT ON THE Hariem Riven 


$20, 000, 000, of which $5,000,000 was the | ae of the lift aca 


are about 600 train movements a day over this bridge, or one every 23 min, it 


> 


can be left to the imagination as to what the opening of this bridge will do to 


 Itis certainly reasonable to to onpith that an objective analysis will determine 


Py 


‘that all craft using this waterway can ‘properly be e modified to conform to the , oo 
24 ft required of other ' vessels and therefore eliminate movable le bridges entirely. . Ne 


Fig. 14 shows the Charter Oak Bridge « crossing the Connecticut River at 
Hartford _(Conn.). _ Fuel for the powerhouse or on the right of Fig. 14 i is s trans- 
ported by which need not ‘under the bridge. — 
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ulation OU, Corps of ngrs., U. 5. Vept, of the 14 > 


"BRIDGE. CLEARANCES: 


“Re. 13. Yacur UNSHIPPED FOR TRANSIT 


upstream, almost under the airplane from which this photd 


a was taken, is the Buckley Bridge. _ There ‘is no record of | any great quantity 


traffic passing under this bridge or above it on the river. extra cost of 


- providing 80 ft of clearance for the 300,000 9 of water-borne traffic passing 


Bey pattern should now be reasonably fixed. Would it not have 
‘to zone the area above the Charter Oak Bridge in order to save this expenditure? — 
‘The Zoning Problem. —Objections are raised whenever it is s shown that zon- 

.— restrictions would deny the use of navigable waters to : anyone e who iat 


bad 


C(I, 
aq 
— 
— 
year—a public cost of or every ton. Lhe traific consists 0 
petroleum products, which could be pumped to any tank farm just as wellfrom 
— 

— 

Fig. 14—Cuarrer Oak Burner, Harrvorp (Conn.) esbhass 
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wish to locate that — or might use navigation. Such 
4 objections imply that navigation is an entity having “riparian” rights on the 
_ lands bordering the waters and that no community should have the right to a 
. ‘gone its area to prevent the establishment of a business which could impose _ “Pa 4 
i unreasonable costs on that community. However, because under the law a — i. 
= waterway i is protected against any encroachment, such soning would | (<9 


hee of a single establishment located so as to require ‘added expenditure | 
for crossing: far i in excess of the value of the business to the community or <q 

‘the owners. in cases in which the laws of the state would require full 

compensation to any owner (and they usually do) for the physical loss of navi- 
gation at his doorstep, the right of the community to build over navigable — 

waters without providing for navigation can be and is still being denied. 
Congress has never defined navigation, nor has it set up criteria for deter- = 
mining the conditions under which a waterway should be considered navigable. 7 
In the absence of early decisions of the United States 


navigable in fact, in a sense, and in its ordinary condition.” 
was generally possible to obtain a statement giving the location of the head of 
: ‘navigation on all streams above which no permit or act of Congress was needed 
for a crossing. — However, with the passage of many laws in the development of — 
prsg water resources the Supreme Court « decision of 1899‘ appears to be general 
- guidance. _ This decision, referring to a proposed diversion of water for irriga~ oe 
_* “Tt 5 is not a prohibition of any obstruction to the navigation, but any ob- 7 
struction to the navigable capacity, and anything, wherever done or how- 
ever done, within the limits of the jurisdiction of the United States which <2 
tends to destroy the navigable capacity of one of the navigable waters of the _ ee, 7 
United States, is within the terms of the prohibition.” owt 
_ It is quite understandable that a firm determination of the ‘ “head of navi- — “ea 


gation” can no longer be obtained except by act of ‘Congress. state of 
7 Connecticut has recently done so in three instances, as has been indicated by 
Walker Kurylo- The state of Massachusetts h: has done the same in the case of 

‘the Fort Point Channel (in. the heart of Boston, ‘alongside its South Station) 

after previous experience on the N eponsett River i in trying to buy out an up- oo 


RevVERSE RipaRIAN RIGHTS 


hat one may term “reverse riparian rights,’’ for lack of a better name, is 
‘more serious problem than any record will show. _ One is sncustomed, to think, 


s 4 United States vs. Rio Grande Irrig. Co., U. 8. Code, 174 U. 8., 1899, p. 690 and p. 708; fot.ol Restore 
ber 10, 1890, Statute 26, Paragraph 10, p. 426 and p.454, 0 
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 nonnavigable; only Congress cs can do 80. 
To many, navigation has become a justification f for almost any expenditure 
that ‘any individual wishes to make in order to use water or to protect himself 
against it. The effect of long-standing law has thus been magnified to the 
» 4 point where it is felt that the right of navigation transcends man-made statutes. 
This concept has been fostered by and for many honest and w ell-meaning i in- 
4 terests not even remotely connected with navigation. It is one of the most 
_ Serious hindrances to 0 objective thinking that i is faced i in developing w: water re- 
Bid Whether the many extravagant claims | purporting to benefit: navigation | are 
_ imaginary or substantial is immaterial in law. If Congress states that a spe- ‘ 
cific act is in the interest of navigation, the courts will not entertain any ques-— | ml 
tion as to “fact.” Congress recognized the interest of the states in their i_ 


4 own resources in the Riv ers and Harbors legislation of 1944, and declared it as il a 


substantial. — This declaration, however, even though is serves notice and en- 
sheds little e light on what is substantial and to 


7 bi eloped in each case by the conflicting interests and, because the existing 
i a law requires it, , bei ‘in favor of navigation. If the record is accepted, then many © 

a satisfactory solutions have been reached. likely, most oi theee solutions 

4 were poor compromises and satisfactory to no one. This is invariably the — 

case when no rule or principle, justified by experience and knows 
Previous studies noted? have examined only 4 

ically common to waterw ays having navigable depths of no more than 12 ft. i 
‘This ¢ comprises the major geographic ‘area of the United States. - However, 
such channels carry less than 10% of the total water-borne tonnage. ‘By way > 

a, of interest, more than 40% of the total water- borne commerce in rivers and 
as po orts consists of petroleum products, a prime requisite for highway construction 
pe p q or highway 

_ and motor-vehicle fuel. Therefore, it is not unreasonable to assume that the __ 
rise of highways in importance as a transport medium has been a major. element a 

in the return of inland waterways traffic. This i is “merely another aspect of 

_ The foregoing conditions, particularly those of, but not confined to, the - 

northeastern United States, clearly show that the: ‘prob- 

_ f ee is not limited to channels of less than 12 ft deep but affects transportation oe 


everywhere. The public will be better served if clear and criteria 


: “navigable an and to what extent. This need not be and should not be a rigid ant 


— ss @an acquire it by virtue of his title; and apparently no community can extin- _— _ 
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It may appear that more attention has been paid to transportation | than to 


‘bridge clearances. However, the navigation-clearance problem is a transporta- 

“tion problem, andi iti is believed that a clearer concept of f any facet i is Possible if aa 

the problem as a whole is clarified. Viewed objectively, navigation is only one’ 
medium of transportation and not by any means the major one. As the 
‘United States has developed, waterways, highways, toll roads, railroads, and 


air transport have been used successively. Some of these media of transpor- ; 


tation once nearly disappeared, but they have returned. The question is not 4 
ow rhether there should be one or the other, or that they share ‘the traffic equally, 
or that one may be more important ¢han another; the economy « can use them 
all. Each has advantages and disadvantages; are being integrated into 


‘their most t useful pattern by public patronage. As noted previously, naviga- 


tion, which has a selective pattern—not | a uniform one. Proper integration 7 “_ 
can occur only when the total cost to ‘the public is at its minimum. Costs. _ 
‘navigation | clearances are usually a major item in any specific case. tabi 
__ Until and unless criteria for these clearances are established and applied to — 
every watercourse in the United States, the design of thousands of bridges will tt 
have an unsatisfactory criterion, and unnecessary costs will be borne by the 
, - public. It is certainly in the public interest that navigation be a 
a, provided for because it is the life blood of many communities, and in many 
as the population i increases, it will be more important. “On the other 
hand, it is important that navigation be freed from its aura of sacredness and 
its implied reverse riparian right over the land. It is, and should be con- 
only one of several important media of transportation. 
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BEARING- -RATIO EFFECT ON STRENGTH OF 


tractural ‘proportions: are to static the joint 
- strength will not be reduced if the ratio of rivet bearing stress to axial stress or 
= stress is increased beyond the value that is sanctioned by most speci- — 
fications for steel buildings and bridges. at 


the Research Council on Riveted and Bolted Structural Joints was 


4 organized i in 1947, ‘it designated appropriate project committees to handle seven 7 
different projects. Project No. 1 was concerned with the effect of bearing 
2t The work of this project committee comprise d(l1)a review of prior work on 
a the topic and (2) a series of experimental pr programs in the structural laboratory ; 
of the University of Illinois at Urbana.?*4.5 ot 


: ‘aot At the time the project 1 was conducted, there w: was little record of joint on 


__ _Nore.—Published, essentially as printed here, in November, 1956, in the Journal of the csi 
Division, as Proceedings Paper 1108. ositions and titles given are those in effect when the paper was ap- 
a proved for publication in Transaction, 
Chairman, Project Committee No. 1, Research Couneil on Riveted Bolted Structural Joints; 
8“"Tests of Riveted Joints with High Rivet Bearing,” by w. M. Wilson 4 W. iL Munse, Progress 
Report, Eng. Experiment Station, Univ. of Illinois, TIL, August 1, 1948. 
“The Effect of Bearing Pressure on the Static Strength of Riveted Joints,” by w. Becker, 
Bee to the University of Illinois, at Urbana, in January, 1951, in partial fulfilment of the requirements a 
_-- 4“'The Effect of Bearing Pressure on the Static Strength of Riveted Joints, ” by J. M. Massard, thesis 
Fer the de to the University of Illinois, at Urbana, in January, 1952, in partial fulfilment of the requirements 
for the degree of Masterof Science, 
5 “The Effect of Bearing Pressure on the Static Strength of Riveted Joints,” by R. C. Bergendoff, thesis — 


: presented to the University of Illinois, at Urbana, in June, 1953, in partial fulfilment of of the soquemente for : 
the of Master of Science. ke 
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RIVETED 


1938 the writer prepared a for the 
- Steel Construction (AISC), citing such similar German and American tests eS 
it had been possible to locate . Information concerning the most — 
tests may be summarized as follows: thie dod: to, touts, LAL 
one case,® specimens contained three §-in. diameter rivets in line. The 
“ rivets were in double shear, and the plates were alternately 3 in. or Fin. (S:S, ‘ie 
= 2:lor4: 1). The thicker plates failed by rivet shear with a factor of safety 
of 3.37 and the thinner plates failed in bearing with a factor of safety of 3. _ 
- What this failure comprised was not described. Additional tests were made,’ = 
and it was found that for equal safety between tension and bearing ‘measured — Pp” my 
by ultimate load, the ratio, S,:S;, might be allowed to become as great as 3.21. 
; At this time the German specifications adopted bearing ratios of 2.50 for static 


Joads a and 2.00 for dynamic loads, the latter being based on the concept of 
failure 


7 ‘The first fatigue tests* made by Otto Graf, on one-rivet connections, showed 


fel that for stress ratios of 1:0.93:2.50 a pulsating load of from 0 to: 29,900 lb per 
aa sai in. of tension reached 2,000,000 cycles without failure. However, thiswasa — sae ri 
 “coaxing”’ test with initial cycles ata succession of ‘lower and gradually increased 


Baas In another series of tests,® the pulsating fatigue strength of a riveted joint E'. 
was compared with that of a bar containing ; a drilled hole. OA drilled bar was 3 AC- 7 
; ‘cepted as an upper limit to the expected resistance from a structure. _itItwas 

concluded that a stress ratio of 1:0.80:2.50 would yield a pulsating fatigue 


strength of from 100% to 120% of that obtaii ned from a drilled bar and there- 
fore be satisfactory for design specifications. f 


7 _ Static tests were made of single-rivet specimens, with stress ratios varying 


in steps from 1: 0.97: 1.78 to 1:0.97:3.56. The breaking load for the specimen a 
a with the highest bearing was within 3% of the breaking load for the specimen 


with the lowest bearing. The first attained 66,000 lb per sq in. in tension on the the 
net section, as compared with the RA ultimate of 65,000 lb per sq i in. 


of Bp s Proyect 


anf Before presenting data from the test programs that adhe sendnctntvdating 
4 this project, it seems appropriate to state the following general considerations: y 
‘High bearing pressure” is only a restatment of the phrase, “thin con- 
A nected material’ s (thin i in ‘relation to the rivet used). . Under working loads, 
because of the clamping action of the rivets, t there may or may not be any actual © 


: ts on the Shearing and Bearing Strength of Riveted Connections, b aE Kayse er, Der 
“April 7,1931. H. Kayse 


“Further on the 8 Shearing ena Bearing Strength of Riveted Connections,” 

Strength of Riveted ond Welded Joints, ” by K. Schaechterle, . Publications, nal 
Assn. of Bridge and Structural Eng., Vol.2,19384. 


“Static Teste of Riveted Joints,”” by Jonathan Jones, Civil Engineering, 1940, p. 287 
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q of plies of thin materi — 
aterial) does not h 
q ave the clamping force of arivetoflong 
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grip (driven through the same number of plies of thicker material). 
cally, this should not be true, an and it is presumably a function of rivet constitu- _ 
8. A rivet of short grip will usually fill its hole more closely than a rivet of 
Initial slip, w represents t the overcoming of friction and, conse- 


quently, brings actual bearing into existence, may, therefore, begin sooner — x 
_ with rivets of short grip (thin material—high bearing) than with rivets of long 
grip (thick material—low bearing). . The initial slip should proceed over less . 
= distance for rivets of short grip than for rivets of long grip before reingng 
In static loading after initial slip has b been arrested iby bearing, three condi- 


 & the critical plate is ; stressed in tension and there is an insufficient dis- 


is 4 iui from the rivet to the unstressed end of the piece, failure can occur through — 
st the bulging out and ultimate bursting open of the plate beyond the rivet and in 1 


Tine with the load. This type of failure is recognized and prescribed against in — 
the specifications for buildings of the AISC, but not in the specifications for 

_ bridges of the / American Railway Engineering Association (AREA), or of the d 
American Association of State Highway Officials (AASHO). 


ee om b. If the critical plate is stressed i in tension, if there i is sufficient end distance, 


does not exceed that which the Council hereinafter £ resdehieinile, failure wil 
not occur as a result of the crushing of material at the surfaces in bearing, be- yi 


- ‘3 cause such a failure will be preceded by the ieee of the critical plateonsome _ 
If the critical plate i is stressed in or after the initial 
¥ slip produces actual bearing it is possible for thin material to fail by the flowing 
: of the metal at the surfaces in 1 bearing. The ¢ criterion is the magnitude of the — 


stress per rivet versus the product of rivet diameter and plate thickness. 


Static Tests UNDER ‘No. 


Summary of First, or 1 949, ‘Static Series. —A more description of ‘this 
‘Series is given elsewhere? The 1949 series (Table 1) yielded disappointingly 
low test efficiencies with respect to the ratio of breaking load to the product of 
theoretical section and the coupon ultimate strength. Moreover, 


a few rivet The design expectation, as implied in Fig. 1, was a 
Br. across the two rivets in the outer row (plate-t tension: rivet-shear ratio 


ei 


we ‘The series was designed | 80 so that some theoretical net net sections were illusory — 
- d theoretical efficiencies unattainable. . For example, , the theoretical effi- 


ciency y of the. widest a and thinnest specimens was 
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inv which g is the from center. to center of holes 
- to the line of tensile force, and d is the diameter ofthe holes. 


‘TABLE UMMARY OF 1949. Static 


th) ive 


Br Such efficiencies are known to be illusory at such g/d-ratios, as shown i in the 
results of the Council’s program No. 2 Y _ Therefore, for this series the e actual 
values of net-section efficiency (the percentage of net area times coupon ulti-_ 
- mate, as developed i in in tests) attained are not pertinent. The interesting an and 
oi 
ze observation which can be m made, however, from the series is: The over- — 
all efficiency (the ratio of breaking load to the product of the gross plate area 


Te 


Fre. 1.—Specmmen For 1949 Strano 

and the coupon ultimate strength) was not reduced as the bearing ratios in- 


-@reased from 1 1.54 to 3. 05 for j-in. rivets, , or from 1.57 to 2.90 for 1-in. rivets. a 
Summary of Second, or 1950, Static Series. —More ‘complete details of this 
_ series of the pattern shown i in Fig. 2 have been reported elsewhere.* Whereas a 
+ oa in the 1949 series the inner plate was critical and the Tivet forces v were delivered — ed + 
a: to it in double shear, in the 1950 series: (Table 2) the inner plate was held to a a 


. tt “The Efficiency of Riveted Structural Joints,” by F. W. Schutz, Jr., thesis presented to the University — 
of Illinois, at Urbana, in ee 1952, in partial fulfilment of the requirements for the degree of Doctor _ 
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constant a and thickness for each of the three rivet sizes. The critical 
bearing was on the outer plates, in which the rivets were » stressed in noes shear ez 
specimens developed a net-section efficiency of 100% or more. Three 
a developed | a net-section efficiency of 99%, 98%, and 96%, Per; 


Fic. roe 1950 Sranic Serres 


and that was ata bearing! valle of 2.75—the greatest in its group. ». In this 
- 4 the g/d-ratio was 6.60, so that again the theoretical efficiency could not be 
expected to be confirmed. There was no significant change in behavior as the 


‘TABLE 2.—Summary or 1950 Sratic Series 


Width, w, in inches Bearing ratio 


1002 


7/16 


is. : ‘Unless: the bearing ratio in this series exceeded: 2.06, the | plate dev ele 


_ coupon strength, or more, and | the rivets developed 45, 000 » pe sq in. in shear i 


more when the plate failure did not conclude 
i 


oft at 
= Summary of Third, or 1951, Static Series. —Further rien a this series oe 


reported elsewhere.* tensile were tested—No 51- 1 to No. 51-6 
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— h design number, three duplicate 


mens were procured from one fabricator and a from another in ebder to 38 

_ check on possible differences. Such differences were usually small as measured ant : 

byt the breaking load, but in one instance the two stresses were 57.2 kips per sq ve 

in. and 68.1 kips per sq in., , Tespectively. ‘The objective in selecting this a: 

pattern was to retest it in double shear, with a more reasonable g/d-ratio (maxi- Bs 
mum 5.24) than had been used in the 1949 series. . Although there was still ps : 

some scatter, there was a marked improvement. For the -in. -rivet series -_ 

with bearing ratios of 1.56, 1.76, and 2.01, the net-section efficiencies, as previ- — nrg 
defined, were 8%, 100%, and 97%. ils obam (yila do 


= were 90%, 94%, and 85%. The latter result was the first iy 
instance of a reduction ¢ of net-section efficiency at a bearing ratio which was ly 

‘Two single-shear designs (Nos. 50-x6 and 50-x7) were tested (Fig, 3b) 
using 4 single transverse row of three j-in. rivets. outer or critical plates 

were 4 in. and ts in., and the bearing ratios were 2.06 and 2.74. . The latter 

_ thickness illustrates the necessity for going beyond normal po to create a 

-single-shear bearing ratio much greater than The six specimens with a 

a bearing ratio of 2.06 dev eloped a net-section efficiency of 100%. Those witha 7 


oh 


cost 
(a) SPECIMEN NUMBERED 


“Fro. For 1951 Sratic 
? a bearing ratio of 2.74 developed a net-section efficiency of 97% (specimens tom . 
4 one fabricator) and 82% (from the other). Efficiencies found in these tests = 
did not approach those that would be predicted from the g/d-rule cited" by 7 
‘Frederick W. Schuts, Jr, A.M.ASCE, 
aN The 1951 series also inchaded six designs for testing i in ec compression, ,each con- 
taining six 4-in. rivets arranged in two longitudinal rows, or three in each line 
_ parallel to the application of stress. In { three designs the inner or double- “shear 
- _ plate was critical, with ratios of bearing shear of 1.88, 2.36, and 4.21. In the 
+ — other three designs the outer or single-shear plates were critical, with ratios a 


Tn all compressive tests with the bearing- ratio not greater than 2. 36, 
the ultimate compressive stress (maximum load divided by gross area) 

ceeded the coupon yield point of the critical material. — In the tests with greater i 
- bearing-shear ratios, buckling intervened and established the maximum load. 

_ The compressive tests were introduced as an extension of a shorter and simpler mn 
"program conducted in 1948.2 These tests consisted of specimens with one 
rivet and of specimens with two ‘rivets, in line of stress, with critical inner or - 

-_double-shear plate thicknesses of in., in., and  in—the rivets were } in. 

Nominal bearing-shear ratios were 2.77, 3.13, and 3.77, respectively. All the 


one-rivet. specimens failed by rivet shear, with no decrease of ‘ultimate load be- 
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‘RIVETED J JOINTS 


tween bearing-shear ratios of a: 77 3.13, and with a decrease of not 
Ss exceeding 4% from a bearing-shear ratio of 3.13 to one of 3. 77. Of the six 


plate. The other failed by buckling « of the inner plate com- 

-. pressive stresses of between 65,000 Ib per sq in. and 88,000 ib per sq in., with no 

decrease of ultimate load between bearing-shear ratios of 2.77 and 3. 13. @ ames 

=i Measurements of slip : at the ‘yield point (a combination of plate strain and g 

rivet slip) were made, showing slight differences. The slips that were measured 
¥ #3 on specimens with a bearing-shear ratio of 3.13 were slightly lower than those — 
on specimens with ratios of either 2.77 or 3.77, and were therefore inconclusive. 


a, ormal design for a tensile joint contemplates that the g/d-ratio should not 
4 exceed approximately 5 if the theoretical tensile efficiency is to be attained. a 
For joints of such design, riveted i in accordance with good commercial practice | 
in medium structural steel (comparable to that defined i in Specification AZ ¢ of 
the ‘American. Society of Testing Materials (ASTM)), ‘and using rivet steel 
comparable to that defined in ASTM Specification A141, the ‘con- 
have arriv ed at by the result of this 


iia of | bearing pressure if the ratio « of the bearing pressure (S;) to the net 
stress (S;) on the main material does not exceed 2.25— 
>» Net tensile area as defined by specifications 
‘Gumber of rivets) (cold rivet diameter) (plate 
. For static loading the strength of a joint loaded in compression or shear — 
= isn not reduced because of bearing pressure if the ratio of the bearing pressure to 
the shearing stress (S,) on the riv ets not exceed 3. 
__Area of total senting surfaces of rivets <3 00. (2) 
tallest 
In joints with n no more than two riv rein in the ies of a foregoing © 
=a Lede she are correct only | if the end distance, or the distance from the riv et 
ae = to the unloaded end of the } piece, is sufficient to. avoid splitting out the rivet 
through the end section. “= The details of the latter requirement have not been © 
explored i in the project. On the such possible end weakness was” 


phe Bon For the ratio of to plate tension, which is commonly found i 


American specifications for steel bridges and baiidings, the foregoing limits: may y 


“Specifications for the Design, Fabrication of Structural Steel Buildings,” A.I.8. C., 
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ype o stress ‘Stress ratio ad’ ig 
Static compression or shear......S, = 1.00:3. 3.00 
Thus, for statically | loaded members, 


13,5000 


"te 


oh 5. No reason was found for differentiating between the allowable bearing ca 


on & rivet stressed i in single shear and the bearing 

@ 6. At the previously recommended unit stresses, bearing in single- shear 


The preceding « conclusions ane not applicable to 


INCIDENTAL CoNSIDERATIONS 


in avoiding unnecessary computations as follows: athe of ‘oun 


The e shearing value of one rivet is s equal to if in ‘single shear, or 


if in double shear, in which d is the rivet diameter. Also, if S,:S, 


= 3.00:1.00 (from conclusion 2), the value of one rivet in bearing i is 3.00 S, dt, 

e: in which ¢ is the plate thickness. Thus, for single shear, 3.00 S, dt = S, x d*/4, 
—ort/d = 0.26; for shear, 3.008, dt = S, x d?/2, ort/d = 

= = 0. 52. Therefore, the minimum thickness is as | 


in inc ngle shear Double 


ae * rom cain 1 and 2 there may be derived two findings of importance 


It is evident from the thicknesses that are ordinarily 


ant bridge construction that most joints, whether in single shear or in double © 
- shear, will not i require computations | based on a bearing criterion, 
(2. Letting g/d = ‘5, which was previously mentioned ‘as an upper limit | 
tite good design, the gross w = 5d and the net w = 4d. Therefore, the the- : 
_oretical efficiency ‘equals 4/5 = 80%. Attempts to increase the efficiency by a 
further increasing g will fail. If and 0.75 T are the allowable’ plate tension 
rivet shear, the plate capacity equals 4dtT.. required number, n, of 
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earing stress equals 


thinnest material for computed stress is +i in., , the bearing s stress in a eee a 


connection of maximum 1 efficiency cannot exceed 2.07 times the allowable 


a is 1 in. . and the thinnest material for computed stress is Bi in. , the bearing stress 4 
in a connection of maximum efficiency cannot —— 1 57 times - retry 


stress, = 1.57. Both than 2.25 1). 
In both the foregoing cases, when the theoretical efficiency i is petition 4 to less 


. Pn 80% by a , closer g; spacing of the rivet lines, the bearing ratio will be further — 
reduced. be Therefore, in the majority of singlo-shear tension-member connec- — 
_ tions, it is not necessary to pay attention to bearing pressure. This is is of 
sf ‘sufficient practical importance to be stated as conclusion 6. Sark res ane 


It is generally recognized that: existing practice in the design of riveted 


vi and bolted connections has been developed empirically from experience and that _ 
many of these practices and the joint capacities predicated thereon are al 
supported by definite scientific data. _ The Research Council on Riveted and 


Bolted Structural Joints conducts such investigations as may be necessary ‘to - 
. ae the suitability and capacity of various types of joints used in fabri- __ 


eated structural frames. It is expected that. such work will in 
economical and efficient practices. _ sha 
_ The sponsoring organizations of the Research Conall on Riveted 2] 
Bolted Structural Joints are as follows: The Ameroon Institute of Steel Con- 
struction, Inc. ; the American ociety ; the 
ation of ‘American’ Railroads; the Canadian ‘Thatitute of Steel Construction, 
_Ine.; the Engineering Foundation; the Division of Highways of the State of 
Illinois; the University of Illinois; the Industrial Fasteners Institute (Cleve. 
- land, Ohio) ; Northwestern University (Evanston, Ill.); the Bureau of Public 
Roads (United States Department of of Commerce) ; | and the University of 
__. ‘The members of Project Committee No. 1 are: Wilbur M. Wilson, Hon. M. 
_ ASCE; Raymond Archibald, Frank Baron, Nathan M. Newmark, Thomas C. — 
Shedd, and Lawrence T. ‘Wyly, Members, ’ASCE; ‘William H. Munse, Jr., and 
Cornelius ‘Neufeld, Associate Members, . ASCE; Robert Murphy; a) and the 
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The primary purposes of the federal the 
Basin in Florida, Georgia, and. Alabama are navigation, flood d control, the pro- i. 
duction of hydroelectric power, and the regulation of streamflow. Supple- 
oro and incidental benefits are also described. Foundations were of of 
granitoid rock; soft, porous, and cavernous limestone; low-strength, relatively 
nonporous limestone; and sand and clayey material. In the case of one dam, 
_ which was founded on the porous limestone, water pressures and seepage into 4 
the cofferdam were se serious and unusual. Unique features and difficult prob- 
Tems that were encountered « during the design and construction of the project 
and their solutions are 


‘The A Apalachicola River i is formed by the ‘confluence of the Flint River er and. , 

‘the Chattahoochee River at the southwest corner of th the state of Georgia n near 
= town of Chattahoochee, | Fla. From that junction, the river flows along a a 
winding course for approximately 112 miles to Apalachicola Bay, Florida. — oa 

| _ addition to the drainage area, which is d directly tributary to the > Apalachicola — 

3 p. 3 a River, the basin includes the draindis areas of the Flint River and the Chae 

 tahoochee River. As may be seen from Fig. 1, the uppermost reach of the 
basin is i in northeast Georgia. it extends. diagonally across the state, encom- — 
passing much of the « city of Atlanta, Ga., and then extends southward through 7 
_ Alabama and Georgia into Florida. © The total drainage area is approximately - 

2 19,150 sq mile: miles, of which approximately 8 8, 500 sq miles are tributary | to the a 


River an and 8, 650 sq. sq miles are to the Chattahoochee River. 


a traverses the fall line to enter the coastal | plain at the latitude of tcobend Ga. 


- Be: _Nors.—Published, essentially as printed here, in December, 1956, in the Journal of the Waterways end 
Harbors Division, as Proceedings ‘aper 1120. ~ Positions and titles given are those in effect 7 the “on 


1 Chf. Engr., Div., Corps of Engrs., 8. Dept. of Arm 
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The Chattahoochee River — te. source in the Appalachian Mountain section - 
_ of Georgia, and passes into and through the Piedmont region to Columbus, where 
_ it flows over a series of rapids that constitutes the fall line forming the — 
between the Piedmont region and the coastal plain. In the Piedmont and 
; the mountain region, the valleys are generally narrow and are flanked yO | 
hills or mountains of substantial heights, the stream slopes are relatively steep, 
and the earth mantle is underlain with massive rock formations. The rainfall av 
at the headwaters of the Chattahoochee River averages more than 70 in. per - 
yr, and the mean annual runoff as far downstream as West Point, Ga., is more e * 
than 2 cu ft per sec per sq mile of drainage area, which is more than doubile the a 


_ runoff of many eastern streams. As a result of the combination of favorable E 


; _ factors, there is an abundance of dam sites and reservoir sites that can poten- 


tially be developed for flood control, stream regulation, and power. fag aol 
bar dood ‘adi wwoq.e are has 
1.—Data on FepERAL Progect, APALACHICOLA River BasIN 


Buford George Lock Lock and Dam 


area, in square miles... . 
Normal pool elevation, in feet¢ 
Minimum tailwater elevation , in feete. 
i i Bt 


1,049,000 none 

_ Number and unit capacity 2 at 40,000 kw | 4 at 32,500 0 kw fi none | 3 at 10, 000 kw 7 


lat 6,000 kw 


od 170,500, 000 488,000,000 | 212, 000, 00 
Between elevations, in sped 4, ¥ 070 and 1,085 | 185 ‘and 1904 ‘none non 
“in acre feet. in feet. 1,088 190 none* 
Size of lock cham 82 by 450 82 by 450 
4 
® Above mean sea level. *® Range and amount given are for ier desig n flood. ¢ Used for flood-— 
 eontrol storage during flood season (reference d). 4 Firm flood storage durin flood season only. ¢ During 


Bae flood and other extreme floods, the river stages are unaffec by the structure. “oi a 


. tiie the coastal plain region, the stream slopes are comparatively low, ond ~ 
“the topography and geology are not favorable to the construction of dams of 
substantial height. However, along the Chattahoochee River the stream has 
~ eroded a shallow gorge into the limestone and the indurated earth mantle. The 
erosion, together with the rolling topography, makes it possible to build low and = ee 
~ moderately high dams at sites where the foundation is adequate. The low ad 
4 slope is favorable for navigation development because navigation depth can 
_ be provided over n many miles with fewer structures than would be necessary i a 


The federal project for the of the 
and the Flint Rivers was adopted i in the 1946 River and Harbor 
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channel 9 ft ft tide: from the Gulf Intracoastal | { 
Apalachicola, Fla., to Bainbridge, Ga., on the Flint River and to Columbus on a 
the Chattahoochee River. navigation channel is to be obtained by (a) 
_ streamflow regulation; (6) open-channel work in the Apalachicola River; and 
construction of three locks and dams, two including 
‘The units of the project are shown i in Fig. 1. In addition to the dam at 
the Buford site, a lock and dam with a power installation known as the Jim 
Woodruff Lock and Dam is on the Apalachicola River approximately 4 7 ; 
downstream from the junction of the Flint River and the Chattahoochee River; 
ae is lock and dam without a power installation is at Columbia, Ala.; and a lock — 
and dam with a power installation (termed the Walter F. ‘George Lock and 
Dam) is at Fort Gaines, Ga. . Then major features of these units of the project 
are indicated in Tablel. 
‘Tar R RIVER Navigation (CHANNEL 
‘The unimproved channel of the Aentetidetis! River had a slants g depth 
at the expected minimum flow of from 4 ft to 5 ft. However, many sections | 


the “pes project, and at ‘many sites the width at that depth was also suffi- 


- and 100-ft width, ‘with moderate widening | at the bends to be. ‘obtained d by 
dredging without excessive cost. The dredging required initially was approxi- 
mately 2, 905, 000 cu yd, of which 45,000 cu yd were rock. 


shown in Fig. 1, Buford Dam is on approxi- 
mately 30 miles northeast Atlanta. It isa multiple- “purpose 


Fig. 2. The dam, which has a maximum height of approximately 200 ft, con- & 
‘ sists of three saddle dikes and the main dam, all of which are constructed of 
rolled-earth fill with an upstream mantle of rock. The forebay channel and 
tailrace channel were excavated into the hill beyond the right bank of the — ag 
stream to maximum depths of almost 200 ft, of which 100 ft were in earth and gg 
100 ft were in solid granitoid rock. Three main tunnels were driven through 4 : 
_ the rock to connect the channels. Two tunnels, each having an inside diam- __ 
eter of 22 ft and lined with concrete and steel, serve as penstocks. A tunnel, % 
10 ft in diameter and similarly lined, branches from one of the main penstock 
- tunnels and serves the comparatively small power unit (Table 1). The third — 
main tunnel, having an inside diameter of 13.25 ft, is the flood-control sluice 
and i is lined only with concrete because its control is at the upstream end, and | 


therefore, it not be subj ected. to full ressure. the 
j P auf 


Act.2. The project provides for flood control, streamflow regulation, and power | for 
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 forebay channel, tailrace channel, and tunnels were used for river 
during the construction of the main dam, it was necessary to excavate the 
_ forebay channel essentially to river level and to locate the tunnels at approxi- 


i _ The headworks were constructed against the rock face at the lower end of = 
the forebay channel. The racks, the head gates, and the sluice gates are in- — 
cluded in these headworks, and the ente-operating surmounts them. 
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the 
was adjacent to the vertical rock face at the 


= head of the tailrace cut. its It contains two 40, 000-kw units and one 6, 000-kw 
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APALACHICOLA PROJECT 4 


channels: and channels. “The is nestled in a deep rock 

: cut; this and the forebay rock cut are approximately 100 ft deep. The total ; 
depths of these cuts, including the overburden, approach 200 ft. | The depth — 
of the open cuts v was dictated by an economic . study, in which it was s found that 3 : 


a -penstocks s standing free within the tunnels. The steel serves ssimply 
ke watertight liner, and during construction it was used as the form behind | 


_ tie the steel to the concrete, the thickness of the steel liners could be reduced — 
except n near the downstream portals. ofthe tunnels. we Lack 
a There is no concrete in any part of the dam, the saddle dikes, or the spill- at 
; way. Had a lower dam been built, it would have been necessary to have an ; 
re * _ expensive concrete spillway. By raising the dam and thereby providing more q 
: flood storage, it was practicable to excavate a relatively small channel through ~ 
i the rock ridge to serve as the spillway. Therefore, the higher dam was less — 
expensive than a a lower dam originally proposed , having es antialiy the same 
power capacity and reasonably adequate flood storage. 
th cross section in Fig. 2 shows the design of the dam. It consists prin- 
—_ of selected rolled earth fill with a heavy blanket of rock on the upstream 
face. A core trench ties the relativ ely i imperv ious earth section to the founda- 
tion rock, which was grouted to minimize leakage. Under the downstream 
_ third of the dam, a drainage blanket was placed. © _ This blanket conducts seep- a 
7 a age to the rock toe, which extends above tailwater and protects the dam from 
_ wave wash from that source. All the rock that was used in the dam was ob- 
a tained from excavations made for other features, principally from the forebay 
cut and the tailrace cut. + The total quantity of material in the main dam, which 
was completed i in eleven months, is approximately 4 000, 000 cu yd. _ Approxi- 


a ,_™ specifications for the reservoir clearing required ¢ omplete dentine to 
EL. 1030 (mean sea level), 5 ft below the minimum power pool, and a clear 
eed - pool at that elevation. Because no trees, branches, or projections were per-— 
mitted to. protrude above El. 1030, the contractor chose to clear completely — 
5 by land methods to a somewhat lower elevation. The overclearing ¥ was optional 

_ with the contractor, and the extent of it depended on his estimate of the com- | 
+* parative costs of clearing by land methods a and by floating plant. Between a = 
: the lower limits of complete clearing, the contractor topped the trees wa a 


branches at El. 1030 or lower by the use of Boating equipment. — 
EFFECT oF BUFORD Daw an AND 


= a Buford Dam and Reservoir function i in conjunction with the remainder. of a4 


+ the project downstream from ‘Columbus | by increasing the low-water flow for 

r ‘power production and for lockages at the downstream sites, and for oer 
ing navigable depths i in the Apalachicola River. Its regulation was utilised in 
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- the design a the navigation channel in 1 that stream, and, as a result, ‘lees i in- 
Z itial dredging was required to obtain the desired low-water cross section. In 
addition, high tailwater during floods reduces the hydroelectric capacity 
ae. the Walter F. George powerhouse and the Jim Woodruff powerhouse. At such 
_ times, a substantial proportion of the loss can be replaced by the Buford — 
generating units because their capability at that time will be greater than the 4 
dependable capacity during low-water periods, and, in addition, the units can 
operated at overload. Therefore, Buford Dam and Reservoir constitute tea 
fundamental part of the of the project south of Columbus. 
_ Buford Reservoir can completely control floods at the site. Its firm flood , an ; 
ame capacity is equal to twice the volume of the greatest flood series of yi e 
ie at that point. It will have a substantial effect on many floods as far 
ae. downstream as West Point. _ With only a few exceptions, at Atlanta all floods 
will be restricted to bankfull stage. Table 2 shows the control that the 
Buford facilities could have exercised on past floods. The January, 1946, ¢ 
stage was the highest on record at the Vinings (Atlanta) gage. - ‘That flood 
_ could have been reduced to a no-damage stage by Buford Dam and Reservoir. Se 
‘Taste 2.—Errect or Burorp (Ga.) Damon Fioop StaGes 


ter 

dgid yd (Fioop Stace (FLoop Stace (FLoop Stace Srace 


dete 


el tage, | stage, | stage, stage, | stage, | stage, | stage 
ty oct in feet | in feet in feet in feet in feet | in feet 
1943 i | 59 | 137 | 93 | 204 | 20. 
February, 1946 4 d 19. 6 | 123 


_ However, even with the Buford facilities in operation, a few past floods would 

have exceeded flood stage slightly. In fact, on March 16, 1956, with — 
approximately 500 cu ft of water per sec being released from Buford Dam, a 
discharge of 15,100. cu ft ] per sec anda a stage of 12.1 ft v were recorded at Vinings. —_ 
Because Buford Reservoir is a main-stem reservoir that is only a little less than ‘ 
50 river miles upstream from Vinings, this emphasizes the difficulty or imprac- 
ticability of furnishing a substantial degree of flood control downstream on or 


Natural | Reduced | Natural Reduced | Natural | Reduced | Natural = * 
stage, 8 


main river by means of small headwater storage or detention works. __all Awol 

__ The increase in low-water flow accomplished | by the Buford reservoir is ae 
important and benefits not only the federal project, but also the Georgia ia 
_ Power Company dams, several of which are between Buford and Columbus. 
More important, perhaps, is the assurance it gives to industries and communi- — 

ties downstream, including the city of Atlanta, that there will be a dependable 
water supply. The minimum quantity of water to be released from the Buford 
reservoir will guarantee 600 cu ft per sec at Atlanta. However, the reservoir 
will regulate the streamflow to an average flow during low-water seasons of , ; 
1,600 cu ft er se sec. a a small amount of ‘supplementary 
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APALACHICOLA PROTECT 


_. In fact,.the city of Atlanta and the Georgia Power Company plan to install 


These gates will make available aufficiont pondage raise the minimum flow 
™~ 1,000 cu ft per sec or slightly more. — An ‘application for a license has been ~ 
Walter F, George Lock and Dam is a multiple-purpose development that 
a will function ‘principally for navigation and the production of hydroelectric 
power, although the height of water in the reservoir will be lowered prior to the | 
- .~. flood season, and, as a result, a measure of fi flood control will be provided. This 
development i is on the Chattahoochee River approximately 85 river miles down- 
stream from Columbus near the community of Fort Gaines (Fig. 1). The dam 
7. will consist of 11,940-ft-long earth abutments, flanking a center section con- 
taining the powerhouse, the gated spillway, the nonoverflow : sections, and the ~ 
lock, The arrangement and approximate lengths of individual sections are 
‘The powerhouse will contain four units of 32,500 kw each 
= for a total capacity of 130,000 kw. The generators will be driv en by high 
specific speed, Kaplan-type turbine runners. "| The estimated average annual 


output of the plant is 436, 000,000 kw-hr. The operating net head | at 


load will be approximately 73 he During high floods the operating head 
_ will be reduced materially by tailwater rise. At such times, the reduced out- __ 
w will be compensated by operation at! higher than dependable capacity and 
at overload, if necessary, of plants such as Clark | Hill, Buford, Allatoona, and ag 
ae others that are not penalized by tailwater rise and have an excess of water — 
when floods occur on the Chattahoochee River. stated previously, the 
“a river channel is -gorgelike for a great distance downstream as the banks a are 
vertical or almost 60. « Tiles. together with the low natural slope, accounts: 


that control is sac of the rate at which the p power venitoces can be. placed in 
operation and brought to full load. Otherwise, the wave that would | be ennai _ 


would in its progress downstream constitute a navigational hazard. wie vei sang 


paid Cross sections of the gated spillway and of the west embankment are shown 3 
ey + Fig. 3. _ Materials underlying these sections, typical of the site, are also — q 
n LA. shown. . Over the valley floor the general height of the earth sections of the 
will be. approximately 60 ft. Immediately below the surface under the 
. > indicated embankment section and upstream and downstream from it, there i oll -— 
ear a rela relatively i impervious | blanket of varying thickness, but generally 5 ft deep 
or more. This is underlain by sand that is 20 ft deep or or more, extending 4 
the limestone below. Because of the impervious blanket, it was decided to 
utilize it to reduce seepage to acceptable | limits. Therefore, the blanket was 
retained and strengthened by ‘impervious fill in order to insure a 
that is at least 5 ft thick, aren. 500 ft upstream from the toe of the up- 
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210 ft concrete non- flow ft concrete -overflow 


\4units 


Lock 82 ftxx450 ft 


0 400 800 1200 


wh 


Compacted 
ir Drainage ditch 


2 in. filled relief wells. 
ae Spaced 25 ft center to center 


Ses. 


in, ie rods 9 ft in. center to Contes each way~ 


TYPICAL SPILLWAY. SECTION 


e formations underlie the site. The rock nearest the surface has been designated _ 
earthy limestone, and below that there is a formation termed shell limestone 
‘The limestone i is massive, without _bedding planes, and relatively 


| 

ft impervious clay blanket 30ft 

— 

a 
river. er the downsuream carth Section, & select, Pe = 

| drainage fill has been provided terminating in a gravel toe. If toe drains are 
— 
a 

Tests indicate that its average unconfined compressive strength is approxi- 


mately 21 tons sa ft. However, there is a variation in 


y limestone, although | it does not appear ti to have large solution poe! 

nels. e Tei is much stronger than the earthy limestone. - Tests have shown that 
its average unconfined compressive strength is approximately 35 tons per sq ft. 

The spillway and part. of the nonoverflow section of the concrete dam are 

to be founded principally on the earthy limestone. cx In order to obtain a ‘satis- 

factor of safety against sliding, it is to key these sections 


into the shell limestone by generally sloping the | base of Sindarin 
from the toe toward the heel of the dam. In addition, the shear plane is being 
; - projected and lengthened further in the shell limestone by anchoring the still 
; ing basin into” that formation by use of prestressed rods, as shown in Fig. 
Rice the powerhouse and the lock will be founded on the shell limestone.  Be- 
co." cause of the depth of these structures, it was necessary that they extend to thi 
i formation. _ However, especially in the case of the lock, the use of the shell | 
limestone appeared judicious under any condition because the maximum lift <a % 
: - The Walter F. F. George development will extend navigation with a minimum et 
depth of 9 ft from the pool created by Columbia Lock and Dam to Columbus. 
substantial tows without breaking of the tows for ‘multiple lockages. 
= rin substantial block of hydroelectric power | will be produced i in an area in wae 6 E 
c=. it has been difficult in the past to maintain a margin between capacity and 


demand. The height of water in the reservoir will be lowered for the flood 


ag season, and as a result most floods will be reduced modestly. An interesting | 
A fact regarding the lowering is that by its use the cost of reservoir relocations > | 
and land will be reduced because, in effect, upstream as well as downstream “ i : 
wa flood control is accomplished. As the area of the reservoir at El. 190 will ie | > 
46,000 acres, an excellent facility will be provided for recreational developmen 
sare on the Chattahoochee River, appro 


| in the left river bank. power installation and no flood- 
SL r provided. The major part of the dam will be an uncontrolled spillway. One Res busts 
or r two spillway gates will be provided to permit the lowering of the pool prior oa! 


lay out and a cross section of the uncontroiied spillway are o shown | in Fig. 4. 

_ The minimum full upper pool elevation will be approximately 102 ft except 

a when the pool i is drawn down immediately prior to receiving substantial rates ae 
of discharge from the ‘Walter F. George turbines. The maximum height of eo 
the dam from the foundation to the crest of the uncontrolled will be 
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APALACHICOLA 

occur when: the Jim Woodruff pool is at its static elevation of 77 ft sand with 
> flow over the Columbia spillway. When the discharge exceeds approxi- — 

mately 50,000 cu ft per sec, the uncontrolled spillway will be submerged by” 

the tailwater. — For discharges of more than 100,000 cu 1 ft per sec, vessels can 

ta Subsurface investigations have shown that there is multiple. interbedding — 
of formations of limestone , sandstone, claystone, and occasional clay with sand | “ 
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under artesian pressure below El. 15. Although | the foundation is not ideal, it 
is adequate for the moderate heights and weights of structures to be placed on it. 


Columb bia Loc ) will extend the with mine 


mum depth of 9 ft from the Jim Woodruff pool to Walter F. George Lock and 
Dam, which is upstream. — The lock will have a clear chamber 82 ft wide by _ 

450 ft long, which i is sufficient to permit the sized tows that are expected to . 

use the project to pass through the lock in one lockage. By lowering the ~ 


height of Columbia pool i in advance of the tur! discharge at the 
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APALACHICOLA PROJECT 4 


a will be reduced in the eqper end of the Jim Woodruff pool and there will ol 
less of a hazard to navigation. a By proper operation the rate of rise can also— . ‘4 
4 be reduced in a part of the pool upstream from Columbia. — This operation | 
«a is desirable because of the channel characteristics that result in high increments 
stage per increment of discharge change. — 

Jim Woodruff development i is a a multiple-purpose installation. mn. pro- 
vides for navigation, produces hydroelectric power, , and reregulates flows for 
the open river navigation channel downstream. It is on the Apalachicola 4 
_ River, approximately } mile from the point at which the Flint River and the 
one River join to form the Apalachicola River. - The dam ies 
water approximately 47 river miles to ‘Columbia on the Chattahoochee ) River, 
- __ where Columbia Lock an and Dam will be located, and approximately the same 


‘ 


= 


? ‘The dam crosses the Georgia-Florida line near the southwest corner of Georgia. x 
= Fig. 5 shows the layout at the dam site. The development, proceeding - 
- from east to west, consists of an n overflow earth dike, which is protected both — 


a lock; and an ungated spillway. The total length of the structure 4 
2 is approximately 6,130 ft. The maximum height of the dam from the  founda-- 
tion to the gated-spillway operating deck (El. 107) is approximately 100 ft. 
So Normal pool elevation is 77 ft. The crest of the ungated spillway is at El. 79, 
and the he top | of the overflow dike is at El. 85. The maximum lift of the lock of | 
b-4 33 ft occurs with minimum tailwater of 44 ft and normal | pool elevation. Ex 
_ cept in times of high water, flows pass through the power units. As o 
ll increase beyond the eapacity of the turbines, the pool is held at El. 77 by | 
the operation of the spillway until its capacity is exceeded. _ When the 


d ot a pool and tailwater will mae so that when the overflow dike on the east bank ex 
¥ > is overtopped, the swell head will be slightly less than 2 ft. Navigation will 
4 have been interrupted slightly prior to that time. 
The powerhouse contains three 10,000-kw generators driven by Kaplan-type 
4 i “a runners. They will produce an average annual energy output of 212,000,000 © 
skewer. ‘ The tailwater rise is such that during many floods the capacity of the 
‘ ‘= uw units | will be reduced, and during high floods they will be unable to operate. 
At such times, the lost capacity will be replaced by the operation of the Buford _ 
_ facilities and other plants at which an excess of capability is available beyond 
assigned dependable capacities. The Jim Woodruff power units 
_ operated on a 24-hr basis in au for sufficient water to be discharged continu- _ 
i. ously to maintain aQ 9-ft depth for navigation i in the Apalachicola River aa ea 
_ downstream. — Because the Walter F. George power plant, which is upstream, — a 
a will not operate, continuously, the operation of the power plant at the ual 
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elevation is 37,500 acres. Therefore, a pondage i is available for. 


rest spillway 1673 it. Pa 
ny 240 ft Overfow dike 2820 tt 


“ Switchyard and parking 
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The formations underlying the structure, at as shown in ‘the cross 
ig 
ba section presented i in Fi 


g. 5, § are typical of the site from the west abutment to 


and including the powerhouse. — The rock is Tampa limestone, which i is gener- 
a soft, ‘porous stone containing ‘humerous solution cavities and ch els. 
"However, { the stratum which is designated | on the cross section : as ‘the D gone, 
is comparatively i impervious with respect to the other layers. _ stone il 
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During the low-water season, especially on weekends, the foregoing may result 
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lon the J D zone > has the highest permeability. A deep grout curtain was re- 


™ quired under the dam and has been provided, except for the area under the 

switchyard fill east of the powerhouse. The D zone does not extend across 
_ this area, and the surface of the rock is deeply depressed in what appears to ce 

an ancient channel, which is filled with permeable sand and gravel. ir In order 


to control the seepage along this path, a sheet-pile cutoff was driven to rock : 
from the wing wall of the powerhouse across the old channel, and drainage 
wells were e provided at the downstream the fill. grout curtain w 
_ Because of the high permeability of ie underlying formations, coffer- 
“dam grouting» was used to reduce seepage into the work areas. However, — 
-cofferdam pumping was enormous. By far, the worst of this pumping was in 
the last-stage cofferdam, which enclosed a part of the gated spillway, the power- 
_ house, and the ancient channel previously mentioned. _ For many months, from 
~ 15,000,000 gal of water pe per day to 18,000,000 gal of water per day were pumped 
from this cofferdam with a high daily rate of 20,000,000 gal. 
al An interesting feature of this project is the lack of drainage wells palo 
stream from the grout curtain under the concrete dam. — _ Because the tailwater 
elevation is above the grouting and inspection gallery, it was considered im- 
- 4 practicable to install drainage wells below the grout cu curtain. Had they been 
installed , water from the -tailwater would have passed in great quantities 
eee the porous rock and the drainage wells into the gallery. Asa result, 
the dam must withstand full headwater pressure to the grout curtain and full | 
tailwater pressure or greater pressure downstream from the grout curtain. it 
a was checked for stability, with full pressure on the base varying uniformly from 


Another unique problem concerned draft-tube drains under the 
It was found that there was full tailwater pressure in the rock under the D zone | 


. J and that large quantities: of water would flow through —_ holes extended 


ceptable intensities by weep holes, and the expected seepage be reason- 
ey pumped when the draft tube was unwatered. It was also found that if rs 
-_ the pressure below that zone were transmitted : above the D zone through drain 
holes, the soundness of the floor might be endangered under many tailwater 
‘a heights. Asa result, it was decided to provide shallow drains under the draft- _ 
oy and to install drains through the D zone only downstream from 
the powerhouse. _ The purpose of the latter drains is to prevent headwater — p= 
_ pressure and artesian pressure that may be present in excess in excess of tailwat tailwater pres- - 


from reaching the area under the draft t tubes. whable 2 


The Jim Woodruff development “provides a a minimum depth. of 9 ft for 

a navigation from the Apalachicola River channel improvement to aye il @ 
on the Flint River and to the Columbia Lock and Dam site on the hatte 
— hoochee River. _ The lock is of the same clear dimensions as the other locks i in 

the poets will be in order for it to be able to pass ex ected tows in a single 


af 


— _ 
— — 
— 
— 
— 
&g 
> 
— 
oe 
— 4 
- 
if 
— q 
— 
— 
a 
— 
— 
a 
— 
— i 
— 
— 
— 
— 


HICOLA PROJECT 


‘development ‘durag low-water seasons, thereby providing a reasonably con- 
flow sufficient to: maintain oft navigable depths i in the Apalachicola River 


— 000, 000 kw-hr of ‘electric energy. Because it operates on a 24-hr basis, it is - 7 = 
q - one of the few hydroelectric plants constructed in recent years to operate on 2 
“base load during low-water seasons. In addition, the 37,500-acre lake will 
“offer a water recreational opportunity. that is unparalleled in most localities, _ 
4 especially for fishing and for for hunting because the lake s should provide a natural Sem ; 


Improvement the’ River channel by dredging was com- 

- pleted in March, 1957. Until the channel reaches a state of relative stability — 
“and until Buford Reservoir initiates operation during low-water periods as 
"planned, frequent maintenance dredging of the Apalachicola 

The Buford development has been ‘completed, although the r reservoir is not 
yet It is believed that it will be filled sufficiently during the calendar year, t 
a: 1958, so that full operation can be initiated. The first power unit was com- 
trial operation began in June, 1957, and installation of the last 
power unit was completed i lay TORRE dosiong al) 
oy ae Construction began on the Walter F. George development in October, 1955, 
_ when the contractor for the west embankment initiated earth-moving opera- 
ho of tions. The gated spillway is presently (1958) under construction by contract 4 
‘and substantial progress has been made toward completion of the contract. 
_ The work will continue on the development by awarding additional contracts 
7 at rates that are consistent with the completion of design and with the appro- 


-priations made. The first power unit will begin operation about September, — 
1962, and the entire development is scheduled for completion about June, 1963. 

_ Construction of Columbia Lock and Dam is expected to begin in 1960. It — 
_— be completed essentially at the same time as the Walter F. George develop- 

The Jim Woodruff development was essentially completed in April, 1957, 
when the third power unit began operating. The first power unit was placed — & 
. in operation in February, 1957. The lock had been in operation for some time, a 
7 ‘ie project depths were not attained throughout the project channel in the reser- _ 
voir until the pool was raised to a normal elevation of 77 ft in February, 1957. 
It should be noted that Buford Dam and Reservoir have been operating to = 
control floods for about 3 Power i is produced presently both at Buford Dam 


& Chattahoochee River. . Port facilities have been constructed by the state at " 
_ Bainbridge, and two large companies have established separate barge terminals ; 


— in the general vicinity of the state dock. Across the Chattahoochee River from 
Columbia, _ oil receiving facilities with ‘several large storage tanks have been Fi 
“erected. Although ‘only a part of the navigation project is completed, com- 
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utilization the to be developing at. a rapid 
Pe rate than was anticipated. When Columbia Lock and Dam and the Walter — 


-\F. George development are completed (approximately June, 1963) the ~ 
project will be complete and all project purposes will be served. At that time, i 
_ when 9-ft navigation will extend up the Chattahoochee River + Columbus, in- 
 ereased use of the waterway should be accelerated by the additional savings — 
made possible by means of barge transportation over the greater distances made 
el The federal project for the Apalachicola River Basin consists - rene 
improvement of the Apalachicola River; three locks and dams, one near the | 
head of the Apalachicola River with a power installation and two on the Chat- 


_ tahoochee River south of Columbus (one to contain power-generating facilities) ; 


and a multiple-purpose dam and reservoir on the Chattahoochee River above | 


_ Atlanta for flood control, streamflow regulation, and hydroelectric-power gener- 
4 ation. _ The entire project is scheduled for completion in 1963, although all the : 
_ ‘purposes are at least partly served at the present time. In fact, streamflow — 

r ‘regulation an and flood control in the. Atlanta area have been a reality for approxi- | 
mately 3 yr, as was flood reduction at points farther downstream, and 9-ft 
_ navigation has been available to Bainbridge and Columbia since March, 1957. 
When the project is completed the 9-ft navigation channel will be extended to 
Columbus, and hydroelectric power-generating facilities with a total capacity 
= of 246,000 kw will have be been installed that will produce an annual average of 

__‘The three large reservoirs will offer unexcelled opportunities for w: water | sports — 


end recreation of all types. The two that are now essentially complete, ‘a 


- Buford Reservoir and Jim Woodruff Reservoir, are already used extensively for a 
ie these purposes. - The intensive use of Buford Reservoir, which is close to the © 
_ Atlanta metropolitan area, will increase greatly as the reservoir fills and with — 
_ the Passage of time. In addition to the recreational oppor 
havens for waterfowl. For that reason busting: be popular 
hone In its function of regulating and conserving water supply for aan: 
7. use, the project will be extremely valuable to the area served. Industries, — 
farms, and communities, including Atlanta, will be assured of an abundant and 


_ dependable | water supply. Many modern industcies require a large quantity A 


_ project should attract industries because of the economy of locating near an 


adequate source of water. Low-cost transportation and a satisfactory power x 


4 of water for cooling and processing. The water supply made available by the 


_ supply at reasonable prices are also attractive to industries, and will either be 
_ provided or promoted by the project. By enabling goods to be produced and 


= transported at less cost than elsewhere, by protecting crops and improvements id 


from damage and destruction, and by making it possible for equal or better — 
crops to be raised with less effort, thereby conserving energies for additional 
the will serve economy and welfare of the 
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SHELLS OF DOUBLE CURVATURE 


ALFRED L. A.M. ASCE 


_ Wrrx Discussion py Messrs Tune Au; W. SANTI 


the BANERJEE; Mario G. SALVADORI; AND ALFRED L. Panus 


‘SyNo: ‘ 


OA PURE derivation of formulas for the evaluation of the membrane a 
“ forces acting in any doubly curved shell is presented. For the specific case of | 
an elliptical paraboloid shell, numerical tables are given, thus simplifying the 7 


determination of the ‘stresses, The | applicability of these tabular values to 
A other doubly curved shells is shown together with illustrative examples. = 


The great of doubly curved with edges stiffened by 


a arches or ribs is due to their ability to support any continuous load principally ah 
by | direct stresses—that is, , by axial compression | or tension. _ Moreover, the 
- stresses for these shells, including those that are extremely thin, are relatively & 


small compared with the compressive strength of concrete. "The shell is free of 
! 7 flexural forces except | for localized bending, which may occur near the edges of i e. ; 
doubly curved shell, due to the effect on the shell of the displacement of the 
uf edge members. This behavior is not restricted solely to surfaces of revolution _ 
Ps that are suitably restrained horizontally and vertically at the base, _ but is” 
typical ‘of most doubly curved shells with edge beams, As. will be described 


subsequently, it is not | that at the members be capable of ‘resisting 


The direct forces acting in a doubly curved shell are obtained directly from 
7 that can be used to express the interrelationship between the internal wwe 

* acting in a shell. It has been found, however, that for the general case the — 


_Nore.—Published, essentially as te here, in September, 1956, in the Journal of the Structural © 
‘ Division as Proceedings Paper 1057. Positions and titles given are those i in effect when the paper or dis- 
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Adopting t HOVE coordinate system for convenience, a representative small ele- 
7 ment of a shell of double curvature is formed, as shown i in Fig. 1, by two radial he 
"planes whose horizontal lines are } parallel the y-axis and by two other 
g radial planes in which the horizontal lines are parallel to the z-axis. ~ The direct 4 
rr forces, T,and le measured i in 1 pounds per uni unit length, are considered positive 4 
when they create tension. x The shearing force, S, also measured in pounds per eS 3 
‘ unit length, is positive when it creates tension in the diagonal direction of i ot 4 
« creasing values of 2 and y. The surface load, w, is considered positive when _ 
acting dow nward. The forces acting on the element are resolved into compo- a 
“ nents that are parallel to the coordinate system but have their direction tangen- _ 
_ tial to the surface. Thus, force T', is parallel to the (zz)- plane but is inclined | 
by the angle, ¢, to the (zy)-plane. sr wonthe 


ce considerable simplification? in the expressions 1s for the equilibrium of * 
3) eal parallel to the various axes results if the actual forces are transformed into 
fictitious is forces acting on the projected area of the element in ‘Fig. 1. 
Hode ni 
.. (1b) 


The horisontal component of {ithe force, T'z, ac on face ad is 1 cos dp 
2 “Stress Conditions in Shells Neglecting Bending,” by K. W. Johansen, Bygningsstatiske Meddelesler, he 3 


Dansk — Copenhagen, 1938, pp. 61-84. & 
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which, by introducing the notation of Eq. becomes T, (cos v) ia? 
. the projected element is to have the same total ma acting on it as the actual 7 
element,» of lo tiny wq yb elaupe dotdw ate ah br 
ai 


ne 
Equating the horizontal component the shent on face ad to the shear 


4 


ay 


oh 


- Substituting for the value of; dp its value from Eq. la results in 


4 that only aS the shell a: that the 


i, forces acting on the element vary from the near face to the far face, the equilib- 
a rium of forces in the z-direction expressed i in terms of Fa a and 8, (horizon- 

_ tal components of the actual forces) yields 


Equilibrium « of the forces in 1 the y-direction results in 
+ 


In order to establish the equations of cqulibrium of in the 
re it is necessary first to obtain their vertical components. The vertical compo- 
nent of the normal force, 7'z, acting on face ad is sin ¢ dp. ‘Substituting for 


and dp their values as given by sha 2b and 1a yields rs 


one per of le engt h along the y y-axis is, therefore, 
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The vertical comp — 


(21/02) Similarly, t the vertica 


ad adi is S dp sin 9 which equals S, (d2/dy) dy which, per unit of length along the | 
a y-axis, s, equals Se (dz/dy). Similarly, the vertical component ofshearactingon 

face ab is Sy (d2/dz). ‘Taking into account the variation in the magnitude of 
- forces from one face to the other, the summation of forces i in the z-direction _ 


z S. ee) 4 (s, 


a in | which ‘Ws is the load per unit of projected area. Eq. 8a reduces to 


Eqs. 5 and 6, the terms in the parentheses: equal 


=p P + —w 


~ 


introducing the function, F, s so that 


values ‘satisfy the of Eqs. 5 and 6 and reduce Eq. to 


1 component of T, per unit of length slong 
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* or A HyPeRBoLic PARABOLOID: Sunrace 
oe of the simpler « cases to solve i is ‘the } hyperbolic paraboloid shell subject to ne 
uniform load. The surface of a hyperbolic paraboloid shell (Fig. 2) is formed 


ase series of straight lines parallel to the (ex)-p plane ond (2y)- plane and, hence, 


second differential of Eq. 11 equals zero. Therefore, for a hyperbolic 
which by means of Eq. 9c to ol? oo Jaiog vow te 


a pity dao bow holldonge on _ ab add ao Hoa 


14 that the | entire shell is subject 6 to pure of 
intensity when uniformly loaded. - Along the edges this uniform shear must be — 

resisted by the edge member 
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forces normal to the edge are zero, it is seen from the relationships in Eqs. 
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SH ELLS 


This state of pure shear, which actually resolves into principal stresses of 
jual and opposite magnitude acting on n sections at 45° to shear plane, can be — = 


taken at 45° to axes form identical parabolic arches. In other 


- words, the surface shown in Fig. - can be obtained by translating (moving) 


- ward, whereas those at right angles to these parabolas curve in in the Whi : 


Assuming that the load is equally divided between the two sets of perpen-— 
di dicular parabolas, it is evident that at at at the edge t the parabolas parallel to ooo 
om exert an outward thrust, whereas: those pelea to this curve e exert 


ain 


atersecting at any point on the boundary of the surface is er because the - ; 


_ intersecting parabolas are identical. The net effect, as shown in Fig. 3, is that 
the outward force acting on the edge is cancelled and only pure shear acts 
along the edge. This shear must be resisted by a rigid edge member. Because 

= 7 _horisontal penstions are supplied to the ends of the parabolas by 


the load a: as uniform. However, when the rise ‘is great the 
dead load can no longer be considered as acting uniformly on Projec ted 
grea. rea. | For this. condition the dead load of the shell dunt 
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Neglecting 


& 


“because it is small, Eq. 15b reduces to 


a 


Differentiating Eq. 1 16 and integrating according to and 6 yields 


2 


in which | Ky) _ f(z) are constants of integration. WwW ith only one con 
- integration available for each normal force and with two edges for each ans 
that is, atz = Oand = afor or aty = Oand y = b for T yp—it is ev ident 
that, for pure membrane or  direct-force action, normal are required. 


ma If normal reactions are not provided along at least one of the two parallel 


edges, the surface is subject to bending 1 moments. 
‘an The elliptical paraboloid is another surface . that is amenable te algebrai 
solution, although it is slightly more involved than the solution for the hyper- 

bolic paraboloid surface. _ This surface is generated by moving a parabolic 
curve along another paral abola, as shown in Fig. 4(@). The. equation of “a 


surface is 


as 

PS second. aie als of the foregoing expression with ozand y 
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‘he Oz dy Oy ti 
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which, by trigonometry, can be shown toequal 
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_ This can be checked by differentiating Eq. 22 and substituting the resulting pe 

= in Eq. 21. If the value of F is used in hosenteane with Eqs. | 9, the ex pA 
4 


the y=+b, Typ = 0 because b = 0 for all values of 


order to satisfy the condition that Tap at =+ a, it is necessary t that 


expressed as a series. The | general expression 1 of the trigono- 


‘Therefore, at =-+ a, Eq. 24a becomes 


n 
A 


T o=- A, cosh a - cos A y. . . (26) 
This expression yn can equal only zero for all values of y y if ROOK 


» 
4 
= 
a 
— 
. 
a iii 
> 
“4 — 
a : 
il: 


i in pws 24 ‘cancelling the « common terms results in 


cosh 8 a y 


first three or four terms (n = 1,3,5, and 7) are wea to obtain sufficient, } 
accuracy. _ However, at the boundary z t=ta the expression for shear con- 


verges very slowly. In this case one can restate Eq. 28¢ at the boundary 


sinhBa_,\, 
Tha hy [( cosh Ba -1) 1| Ay. on) 


For values of he/hy greater than 1, for practical purposes, tanh B a is aur 7 
tol. _ Therefore, the second term in Eq. 31 can be ignored ; thus, the expression  __ 

At y =+ b, sec (w y/2 b) and tan (x y/2 6) are infinite. Therefore, the log 

q of these values is also infinite. Consequently, Eq. 31 indicates that the shear _ 

_ at the corner is infinite. This would be true if the corner were ‘completely 

free of normal forces and if the shell had no bending resistance. However, © 

because of the integral action of the supporting ribs and shell, normal forces’ 
do exist at the corner. These normal forces alter the resistance to the extent — at 

th the shear does not need to be infinite to satisfy statics. Moreover, at the 

r some of the load can be, and i is, resisted by flexural resistance. From 

studies made of cylindrical shells, it has been found that this flexural action is 


confined nfined to a distance of 0.4 A from from the rib, in which ris the 


2 
_ 
— q 
a 
— 

— By means of Eq. 28 | nal forces : 
computed as the sur unity, rapid A 
4 
rer : 4 
¢ 
| 
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‘aii of the shell and ¢ is the shell thickness: Ghaselein;: it is felt that Eqs. 
and 31 do not apply within the distance 0.4 ¢ from ‘corner. Shear 
can be considered maximum at the ] pointy = b —0. 4 Vrt. 
Te symbols, Tz, Ty, and S, represent forces pe per unit of length. In order 


yields 
Ss | ofr 

ate 

By utilizing 


0 | sane} 


such as the dead weight of the. oe, Ir 
of the double Fourier series, 
of 4 wre = cos cos y 
in which y = mx/2a. 
‘The resulting expressions for and Typ, obtained bs expressing w, in this 
_ Inanner, indicate that any symmetrical loading can be resisted by direct forces 
without the necessity for lateral or normal forces at the boundaries. The 
_ behavior of the elliptical paraboloid shell under dead load therefore differs B « 
from that of the hyperbolic p paraboloid ‘shell, for which | the dead load induces — 
some bending if no lateral restraint is provided. 
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— 
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in Eqs. 26, 3, and 45 can be readily 
rentiating Eq. 19 with respect tox 
order to avoid n 
to be constant in estal 
putations become exte or 
| the uniform load can also be applied to the case of any symmetrical loa ing, 
a 
ii 


TABLE 1.—Coerricients ror CompuTInG Force CoMPONENTS 
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0.25 | 0.50 


0.270 | 0.213 
0.230 | 0.287 


0.285 | 0.228 
0.215 | 0.272 
0.034 | 0.069 
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¥ | 0.250 | 0.233 | 0.182 | 0.101 | 0 | 0.289 0.119 | 
— 0.00 | Ts | 0.250 | 0.267 | 0.318 | 0.399 | 0.500 | 0.211 0.381 » ol > ia 
| 0.101 0.094 | 0.131 | 0.230 | 0500 
4 0.091 | 0.201 | 0.353 | 0.480 = 
— "| 0.500 | 0.500 | 0 | 0.500 | 0.500|0.500|0500| 0 
0.336 | 0.316 | 0.252 | 0.143 | 374 | 0.307 | 0.180] O 4 
| 0.164 | 0.184 | 0.248 | 0.357 | 126 | 0.193 | 0320]0500 
| Ty | 0.348 | 0.329 | 0.267 | 0.155 0319 0192) O 4 
0.152 | 0.171 | 0.233 | 0.345 0.181 | 0308 | 0.500 
| 0.081 | 0.067 | 0.103 0.060 | 0.101 | 0.125 
— | 0.383 | 0.367 | 0.312 | 0.197 0.357 | 0.235 | 0 
| 0.117 | 0.133 | 0.188 | 0.304 0.143 | 0.265 |0500 
| 0.436 | 0.426 | 0.392 | 0.296 
0.75 | Ts | 0.064 | 0.074 | 0.108 | 0.204 
gs | 0.081 | 0.185 | 0.342 
a Ty 0.500 | 0.500 | 0.500 | 0.500 
— | 0.089 | 0.208 | 0.413 
— | 0.462 | 0.446 | | 0.248) 0 
0.00 | Te | 0.038 0.252 | 0.5 
074 | 0.174 | 0.280 
| 500 | 0.600 | 0.600 | 0.500 | 


has basis of Eqs. 28 Fig. 4(b). ‘The 
_ inside the parentheses in Eqs. 28 contain only the parameter, hz/hy. Therefore, = 
_ the behavior of this doubly curved shell can be e expressed as & function of this — 
Coefficients are given for computing the three force components, Ts, Ty, 
and S, at the eighth points of a dome. | The fe forces ae by multip! ying 


wh 


& 


—* TET 


V I+ (0/6)? h,/b) (y/b) P 


These constants are dependent only on the selected dimensions of the shell and = b 
been included. In practice the additional accuracy secured by the inclusion — ie 

of this term is unwarranted | because the stresses due to T, and To: are never 

7 critical. Except i in the zone near the corners in which the principal stress due » 

to the combination of the three force components is tensile, the stresses are 80 ~ 


low in compression for spans being considered that an investigation of 


and need for computing stresses in a shell with : a a fair degree of accuracy are 
to obtain a reliable determination of the tangential load which must be carried E 
For this purpose the tangential shear existing along the boundaries (Fig. 
40) sa the tenth intervals | of half the chord are shown in Table 2. a Table 2 a 


in Fig. 5 for various s values. of he/hy. in Table 1 of z/hy from 
a sf 0 to 5.0 are obtained from the values of Tay by symmetry. For example, 
- the e value of A vp at y= 0 for h/hy = = 5 is the same as the e value of Tsp at 


s= =0 for Ie/hy = =02. Atz + a, for all values of of he/ hy, 


od 0.5 w 0.125 w BP buol to nobtioqorg 
last term in Eq. is the thrust in a ‘parabolic arch subject to 


order to expedite the analysis of the elliptical paraboloid shells and to 

— 

— 

— 

— 
— 
— 
— 
Tal — 
a — 
— 

— 
_ the force normal to the edge was made equal a — 


y 
of the edge to be by action in the y-direction. Furthermore, 
(0.5 B/hy equals the radius of the area at its « crown. _ Therefore, the value 
Typ atx = aand y duced in a ring with the 
appropriate radius due to a sadial load, 
wh Near the crown, marked variations in the value of Ty, occur as hz/hy varies. 7 - 
When the rise in the a-direction i is small compared with the rise in the y-dire = 
tion—for example, when hz/hy = 0.2—the curves in Fig. 5 are almost hori- 
zontal, indicating that a large proportion of the load is being resisted in the 
meme . This can be anticipated from the geometry of the shell. As As the © 


TABLE 2.—SHear ‘THE EDGES oF PaRABOLOID SHEL 


fas ‘ 0.0000 0.0000 
i ad 
. 
0.0000 | 0.0000 0.0000 of: 
0.0419 0.0468 0.0500 7 
0.0854 0903 0950 
0.1553 


0.8081 
1.0290 


"curvature in one direction is flattened, thereby approaching horizontal 
as a limit, it is natural that the load is transmitted in the other direction. oa id 
With no normal forces along the edges, it follows that the increase in the 
proportion of load carried in the y-direction as he/hy decreases must be accom- 
panied by an increase in the tangential shears along the edges, z =+ a. Such” a 
an increase is confirmed by the coefficients listed in Table 2. Although these 


coefficients diminish at z =+ a as he/hy decreases, they do not diminish as 
For large values of he/hy, the values of T,» become appreciably smaller as _ 


ce the crown is approached, and, therefore, for such shells only the ext 
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Value of the coefficient C 


CORFFICIENT FOR oF he/hy 
portion of the shall te is pondeite load in the plretion At the crown the curve 


| a t he/hy ,=1. 0 shows that half of the load i is carried i in one direction and al 
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wl ‘An question is whether or or not the coe coefficients i in Tables 1 and 

‘ ‘can be applied to domes of other shapes with an equal rise and span. As 
cited previously, the critical stresses are a function of the shear near the corners. _ 
However, the summation of the vertical components of the shear alonganedge 

‘Tust equal the load on the shell. If the same variation of shear along an 

edge is assumed for all shapes, i it is apparent that, to satisfy the foregoing — 

condition of equilibrium, the intensity of the tangential shear is s dependent on 

the steepness of the slope near the corner. This is ‘particularly true because 


c 
s 
2 
> 


=>. 


7. —Companisom or TANGENTIAL tor 
a) T he ene near the corner of most of the commonly used shells of other 
- curvature generally will be steeper than the slope of the elliptical paraboloid, 
as shown in Fig. 6. Consequently, the shear at the edge should be less for : 
the shells of other curvature than for an elliptical paraboloid of the same 
_ dimensions. . The magnitude of the reduction is dependent on the relative 


slopes near the corners of the surfaces being compared. For domes w whose 
edges are e elliptical, the magnitude = the shear should be considerably less es 
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— 
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— ig 
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tangential should be approximately the same as for an elliptical para-— 
To confirm this hypothesis, Fig. 7 the tangential shear computed? 


for domes at a factory in Brynmawr, England, and that obtained for an aa 
a elliptical paraboloid of the same dimensions. _ The shape used for the ood 4 
We 


-mawr domes was a surface of translation generated by moving one vertical — 
- circle onanother. Fig. 7 shows good agreement between the twocurvesexcept __ 
i in the immediate vicinity of the corner, in which a finite value is is given for andl _ 
wae circular curve in contrast to the infinite value implied for the parabolic curv eC. = 
* The reason for this apparent discrepancy is that, due to mathematical diffi. 
: culties, a numerical procedure based on finite- differences equations was used to °, . 
determine the forces for the Brynmawr dome. ye Because this procedure is based — 
on the average value between the chosen interval, a finite value results at the 
corner. — If a ‘Tigorous mathematical solution had been used, an infinite ae 
for the circular curve would have resulted. 


“= 


b - — 0.4 vr » the point previously ‘recommended as the break 


= 
“approximately 7% higher ‘hen that. ‘for the curve. Whether this 

ae ‘difference i is real or merely due to dissimilarity i in methods of computa ition is ; 
‘not known. However, the difference is in the proper direction, 


_ Example 1.—A hyperbolic paraboloid shell with a column at the center is 
‘designed, roof shown in Fig. 8 is ‘obtained by joining four identical 
sections i in a manner similar to the method used in Fig. 2. Many other arrange- 
‘Inents can bet used,‘ all of which are designed i in the same manner 


_ Assuming w = 60 lb per sq ft, the internal forces at the critical points of the _ 


= 


= =— C1 1,800 x 20 = 36, 3,000 Ib abs. 
«8 “The Design of a Reinforced Concrete Factory at Brynmawr, South Wales,” by Ove Nyquist Arup 7 
and Ronald Jenkins, Pt. III, Proceedings, Inst. C. E., London, December, 1953, pp. 345-397. 
, “Structural Applications of Shells,” by Felix Candela, Journal, A.C.I., 

ol. 26, No. 5, 1954, pp. 397-415. . , j 


> 

4 
a — 
| — 
= — 

— 
— 

— 

; 

a 
2 al 
q 

— 


=— C2 1,800 X15 = 27,000Ib 
Because the shell is subject to pure shear, the principal tensile force will also” S 
7 be 1,800 lb per ft. An allowable steel stress of 20,000 lb per sq in. results in a 1 
required ar area of steel of 0.09 sq in. per ft. _ Therefore, No. 2 bars, 6 in. on i 
centers, are sufficient. reinforcement should be placed ‘diagonally, ex- 
tending fromonefreeedgetothe other, | 
_ The shell exerts a constant shear on the edge members, which have been _ 
omitted in Fig.8. The total thrust or pull exerted by this dasri is equal to the _ 
4 product of the length of the edge member affected and the magnitude of the | 
shear. In this example this equals 36,000 lb. Because there is no external — 
4 pce te acting on the edge beams, either at the corners or along the edge, it 
evident or compression in the edge members 
a 


7 


= 


occurs at the ‘midspan. The tension and compression in the edge 
diminish along the length to zero at the ends. 
i determine the ty pe of force (compression or tension) present in the 
edge members, it is recommended that free body diagrams be drawn of the 
, a member being considered rather than relying merely on a sign convention. 
‘Thus, the possibility of making serious e errors in complicated layouts will be. 
_ minimized. For this case the layout is so simple that the type of force present 


be ascertained by inspection. Because the shear is positive 4 
qa 
AS 


coordinate of each quadrant occurs at the corner, the shear is outward along 


the edge beams at the exterior edges are in tension, whereas those a ae 
ut from the column are in compression. — 
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SHELLS 
ed. Table 3 shows the 


internal forces divided by k or 1/k acting in an ce paraboloid subject = 

to a uniform load of 60 lb per sq ft and spanning 100 ft in one direction and 70 ft — - ‘ 
- in the other with a total rise of 18 ft. ‘These values are obtained by multiplying 
6 the coefficients for ha/hy = = 0.8 shown in Table 1 by one of the following values: 


not hy 


15,000 Ib per ft 
* 200 | lb per f 
| 11,700 pee 
= = er 
Because the stress sses are small the effect of is maximum 
«compression due to med load of 60 lb per sq ft on the shell i is —— “ae 
TABLE 4. —SHEAR S Principat Stress” S’ Arona 


| 088 | 09 | 095 


7 per { ft. If the thickness | of the shell is. assumed as 3 in., the maximum com. 


pressive stress is only a! 


Zz which is ; considerably lower than the allowable stress of concrete. a 
ee ‘To obtain knowledge of the tensile forces existing in the shell, the mini 
if f principal stresses have been evaluated along the edges in Table 4. The value — 
: ‘ s of the shear, S, is computed by using Table 2, with the multiplier in this pra 


being 1 11,700 lb per ft taken from Table 3. The principal st1 ’, is 
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| 
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| — 
aa — 
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J — 
3 
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2 
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8 described i in ‘most standard mechanics textbooks. direct at y= 


: is 4,600 Ib per ft, and the direct force at z = a is 7,500 lb per ft. In most ot 


_ the cases these principal values along the s shell represent the maximum value — 
At the corner the radius of curvature i in the z-direction can be computed — : 


— 


hi h 


the 


The maximum shear can be’ expected to be at 


xi 


= 0: 95 
from “Table 4 the. largest minimum “stress along the 
edges is 9 500 | Ib per ft ft. _ Several points in the int interior should be e investigated 
also to determine the extent of the tensile area. a. Using the internal forces 


_ Shown i in Table 3, the principal stress at y/b = s/o = 0.75 - at y/d = = x/a fa 


4,100") = 1,100 Ib per ft 
wit Tat 9 oth) hole bets wlays 3 leqi 
,200 + 2, 100 _ | 
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Area of steel required, in square inche' 


rel .— REQUIRED FOR PARABOLOID SHELL hea 


Assuming a linear variation in in principal stress | between these ‘points, 


a theoretical pointofview, = = ail) lo 
the reinforcement should follow the ups 9 to domi 
it is customary to place ‘the rein- of 


all instances, the controlling ten- 
sion for any group of bars occurs 
the edge. The amount of reinforce- 
- ment, with f, = 20,000 Ib per sq in., wy = a 
computed from the principal stresses AS 
shown in Table 4 is shown along the 
edge ribsofonecorner, = 
most of the shells of double 
curvature, even for such a simple case ‘Fra, 10. Equart 


_ other, an algebraic solution becomes extremely inv ey In such cases the con- 


version of the various differential equations into finite-differences equation‘ is 
5 “Solution of Difficult Structural by Allred ACI 
Vol. 22, November, 1950, pp. 237- aie 
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SHE 
This numerical procedure consists substituting for the sur- 
a face a grid of evenly spaced lines that simulate the behavior of the surface - For a 
each intersection, a finite-differences equation is established that expresses the 
relationship between the stresses or functions of the stresses at this point, and — 
neighboring points and the load at the intersection. 
‘Using the notation in Fig. 10, the equiva- 


to differential Eq. 10 is 


Sz 


4 The f finite-differences aaa for Eqs. 9a and 9b are, ere 


avy e\n sa 9090 bluow mala: ia 
“§ i of the quantity of equations which result even with a coarse grid, a 
direct ‘solution « of the ‘simultaneous | equations obtained from Eq. 40 is not 4 
_ feasible. Generally, an iteration process called the relaxation method® is used. _ 
_ Eqs. 42 and 43 have a disadvantage in that a value for F must be determined : 
quite accurately to obtain reliable stress values. | With the stress equal to the ce 
7 second differences in F (Eqs. 9), “minor errors in F greatly affect the value of 
the stresses. In addition it is somewhat difficult to estimate the initial ural 


= equations are no more complicated than Eq. 40. at 
oN _ To express the ; relationship i in terms of the internal forces, first express fo 
£ in terms of T,, by differentiating Eqs. 5 and 6 with respect to zr and y, > 
"spectively, which yields 
Oy? 


16 att n 


amo. 


‘Differential 


&g 
— 4 I 
— 
— 
| 
= 
based e internal forces are preferable. he gener pce these 
? > 
im 
in the Use of Relaxation Methods for-the Solution of Ordinary and Partial 
| Proceedings, Royal Soc. of London, Series A-190,1947. 


Differentiating Eq. 45 twice with 1 respect t to 2 ‘and cubtractng Eq. 44 from: the 


2 (svar) | 
wait fh 


> 
Allowing T to ‘equal Typ, the finite-differences equation corresponding to a 


2T k T 2 
10 ke S,? (Tio tks To forty, ky S, (48) 
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Ria. 11 .—Benpinc Moment In SHELLS oF DouBLe CURVATURE 


2 
‘ai The ribs supporting ‘the arches must be designed to ca 


4 shear load imparted to them by the shell. Because this problem involves aa 
ra a routine analysis of an arch, this subject will not be examined herein except 


« to ne note that the analy: sis of the a arch can be made by dealing only with the 
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sideration must be given to the bending moment created by the rise of the shell - 


in the direction normal to the arch. This moment, as shown in Fig. 11, equals 


product of the summation of the T 2p-forces or T,,-forces from the midspan 


to the edge and the lever arm between the centroid of the internal forces in the a 
shell and the centroidal axis of the arch. The tensile force, must be super-_ 


a. imposed on the thrust due to the end reactions i in order to obtain the net thrust | 
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shear obtained from the coefficients in Table 2, or by using directly 

the surface loads on the shell.’ Chas bakes vior-of Sie abiniy 

— __If the vertical loads are used directly for shells of double curvature, con- |. 
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= DISCUSSION 


: sll Tone Av,* A.M. ASCE.—The general equations for shells of double curva- 
ture based on the membrane theory have been presented in a systematic and 
logical order, with special applications to hyperbolic paraboloids and elliptical “<4 4 
paraboloids. Although only a limited number of loading conditions are amen- 
able to an algebraic solution, the author has included the cases of practical i im- é 
portance. Thus, the solutions are obtained with mathematical rigor, and the a 
structural behavior of these shells is also clearly explained. 
The use of difference equations and the relaxation method are suggested for — 
_ the solution of other shells of double curvature for which the classical solutions 
are either extremely complicated or unavailable. ‘Therefore, it may be desir- 
_ able to indicate also that such techniques can be adapted to hyperbolic ¢ and 
; | eliptica paraboloids with loadings other than uniform vertical load and with 
different boundary conditions. s By considering w, and wy as components of 
force in the direction « of the 2-axis and the y- y-axis, respectively, acting at the 
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by 


These values satisly 5 and and 6 and Eq. 8cto 
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“known in literature. However, they have been considered else- 


@ Visiting Associate Prof., Dept. of Civ. E: Carnegie Inst. of Techno , Pittsburgh, a 
“Beitrag zur Berechnung der ihyperbolisehen x 


Paraboloidschale,” by K. Tester, ngenieur- r-Archiv, 
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Vol. 16, 1947, pp. 39-44. 
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“where! as bites il of academic significance because the distribution of lateral a 
- forces is generally simplified and assumed in a mathematically convenient — 
manner. Even though the assumption of the distribution of wind pressure in 
a. these solutions may not meet the requirements of building codes in the United 
States, the effect of an earthquake can be simulated by a distributed horizontal 
force. This latter problem is probably not academic, and a similar approach 
has bead used to compute earthquake st stresses in spherical domes and in cones. no 


_ _ There is a minor point in the paper, which is perhaps not pertinent in \practi- ‘ 


cal applications but which nevertheless should be clarified. In the derivation — a 
of Eq. 14 for hyperbolic paraboloids with a moderate rise, , it is stated that “be- a 
7 - cause the differential of S, with respect to. y and z is zero, o, it is seen from the 

relationships i in Eqs. 5 and 6 that Tsp = Ty» = 0." Actually, from the deriva- 


The functions, f(y) and f(z), zero if the conditions indi- 
cate that ‘no normal forces are acting on the e edges. Hence, it is the boundary © 
g ~ conditions « of the free edges that prescribe the constants of integration, and _ 
7 ss represents only one of the many possible edge conditions. Mr. Parme | a 


has not neglected this point for hyperbolic paraboloids with a great rise be- - 
cause the terms, ms, f(y) and f(z), are included in Eqs. 17 and 18, respectively. joys 

Watters Paacon,” M. ASCE -—Many ‘engineers and architects have 


The author’s authoritative p presentation n of this subject is - of great value eo: 


However, a a review of the. deflections of shells of double « curvature not 
- been included. 7 In addition, although the hyperbolic paraboloid i is considered f - 
tobe rigid because of the parabolic elements, no statement 
its limiting flatness has been presented. Whe 
 Forn roof structures, dead load and snow are usually ‘the loadings 
_ because a wind load .d seldom will have a marked 1 influence on n domes. | However, _ 
there are three other load conditions that are not included—earthquake loading, ; , 
oes radial pressure," and a radial uniform pressure or suction. In 1956 
the writer designed a building to house a . jet-engine test facility. One of the 
_ design conditions was a large unit load per square foot with either inside pres- eo 
sure or inside suction . This caused large stresses and large s structural members — a 


~ that could have been avoided had 1 a domed : structure been used. er 


“Structural of Hyperbolic Paraboloidica Shell, F. Candela, C.I., ol. 
26, No. 5, January, 1955, pp. 379-415. at: at MW 4 alee 


“Earthquake Stresses in Spherical ond in Cones,” by E. P. Popov, Paper 974, 
ASCE, May, 1956. 
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tion the roliowing equations are obtained: 
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‘The dead load, w,, of a hyperbolic paraboloid shell with a reasonably great : f 
- rise has been represented | by Eq. 15a, in which w is the constant weight of shell a 

‘membrane om unit area. Eq. 15a i is also applicable to doubly curved shells of “ 


origin form oblique ‘angles, between their adjacent sides, the ‘relationship 
between the load, ‘Ws, On the projected ar area aD and t the unit unit weight, w, 


} With regard to the solution of Eqs. 5, 6, and 8c for the three unknowns, iti is 
customary, as has been shown, to reduce them to a ‘single equation with one 
7 tienen by suitably introducing a stress function, F. The mathematical — 
solution of such an equation becomes extremely involved, and, therefore, re- _ 
iz — laxation or or another similar iterative method is applied for a practical solution | 
of F. However, these procedures also require a great amount of time because an ~ 
estimate of the initial values is required to begin the iteration process. pi vaues 
a However, the writer has found it more convenient to solve the three equa- 
.@ tions simultaneously after representing them through algebraic expressions — 
obtained from the geometry « of the shell form. A solution byt this method is 
illustrate the procedure a hyperbolic paraboloid may be considered. 
; 7 The fundamental equations are Eqs. 5, 6, and 8c. . The representative equation 
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= not the hyperbolic paraboloid be use n0use & cylindrical structure, or struc- “a 
tures of hexagonal or octagonal shape? 
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acs E —4 after substitution of values, 


When w, varies, due to the constant weight, w the ne shell slab, then 
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, and 68 replace Eqs. 16, ‘17, and 18 of paper, for pur- 
a ; pues of solution, are suitable for representation in finite-differences forms, 


a ae te similar to then: derived in the foregoing can also be formed for ss 
G. Satvaport,* M. ASCE. —Interest in translational shells that 
«a cover rectangular areas is , currently increasing in the United States. The 
,-¥ _ writer has had many opportunities to design shells of this kind in the shape of = 
t@ elliptical paraboloids in both the United States ; and abroad, and found a 
rarely, if ever, do membrane stresses create difficulties regardless of the a 2] 
size. The shell thickness is never determined by membrane stresses, but by 
stresses due to bending, temperature, and buckling. determination of 
these kinds of stresses usually presents great mathematical difficulties, but, 
fortunately, approximate solutions based « on the Geckeler 


of the shell and t the of the ‘sustaining intr 
duces bending disturbances in the neighborhood of the boundary that can be 
determined easily by cylindrical shell theory. _ Assuming that the transverse 
: shear carries the entire load in the immediate vicinity of t the arches , indicating 
the radius by R and the thickness of of the shell at the boundary by h, the shear 


and the maximum bending moment 1) the value, 


‘Oke normal stress parallel to the arch at the boundary is zero because the _ 
¥ whole load, q, is carried by the transverse shear. “Fig. 12 indicates the load 
ca carried by this shear, which diminishes rapidly as the distance from the arch ; 
‘ is increased. In example 2 of the paper, , the maximum radii and the thickness _ 


values of = 102 ft, R, = 156 ft, andh = 0.25 ft. Hence, 
= 0.76 V(i02) (025) =3.84ft 


Prof, of Ge. Eng., Columbia Univ., New York, N. Y.; Associate, Paul Cons. Engr., 
s* “Theory of Plates ‘and Shells,”’ by 8. Timoshenko, McGraw-Hill Book Co., hie, New York, N. Y., | 
1940, Chapter 11, Section 81. 


— 

_— _ om the geometry of the shell form (Eqs. 60, 62, and 63). oy 
— e geometry of the shell for OY, U4, 
(zy)-plane are known from the those of the unknowns 
— walues of anil Ar/ae an 
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a load of g = 60 Ib per sq ft, ai tt 
M, = — 0.682 kip-ft p er ft 
Load carried by 


direct stress 


da he 12. - —AmountT ¢ oF (CARRIED: BY ad 


= load carried by the transverse shear i is obtained by multiplying 


Value of load, g, pounds per sq 


and represents 37.6% of the total load of 420 kips on the shell. oid da het cabkoe “2 
Bending Moment Due to Difference Between Shell and Arch. 


the arches, ‘the following shear and moment 
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iq which is the coefficient of thermal expansion of concrete equal to 8 Xx a | 
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SALVADORI ON SHELLS 
: the shell of example 2 these formulas yield M, - = 63. 0 AT P and M, - 62. ie 
AT. Therefore, it can be seen that a a temperature differential of ely 10° re- oa 
- gults in a considerable increase in the bending moments at the boundary. In — ry 
fact, it is often impossible to absorb them because an increase in thickness of _ 
the shell at the boundary produces an increase in Provided that sufficient 
reinforcement is available at the boundaries in a direction that is orthogonal : 
to the arches, it is often necessary and quite proper to allow — rotation to 


‘Stresses Due to the Difference in Temperature Between the Outer Surface and 
Inner Surface of the Shell— —The v of these stresses ca can be ‘approximated 


two maximum radii. is found® the outer and i inner fiber stresses 
“Wis (1-3 


In the of example the following values are obtained : = ‘12 (+ 
0.0016) AT. Such stresses do not usually require special care but m may result — 
in an increase of temperature reinforcement that is greater than the minimum : 
Reinforcement.—The fundamental assumption in the derivation of membrane 
_ Stresses is that the supporting arches cannot react horizontally. This assump- 
; tion is r responsible for the supposedly infinite value of the tangential shear at 
the corners, but, as previously mentioned, in the neighborhood of the arches | 
the load is not carried by tangential shear. In addition, if the load carried pl 


satisfied at the corners, i 
_ two adjoining arches at right angles. In order to make the arch as flexible as 
possible in a horizontal plane, it is advisable not to connect the e diagonal —~—e 
_ forcement at the corners with the reinforcement of the arches. _ ant fi i stot > 
_ Buckling.—An approximate evaluation of the buckling value of the load, a 
_ can be found by approximating the elliptical paraboloid once more by a tangent 
"sphere. ‘The critical value of a uniform pressure, g, on ephere 18 by 


___- 1“Theory of Elasticity,” by 8. Timoshenko, McGraw-Hill Book Co., Inc., New York, N. Y., 1945, a 


“*Biegetheorie der Translations-fldchen und ihre im Hallenbau,” by K. Hruban, Acta 
Technica, Academiae Scientiarum Hungaricae, Budapest, Tomus X1,1955. = 


“Analysis and Testing of Translational Shells," " by M. G. Salvadori, A. C.L., Vol. 27, 


“Static und Dynamic der Schalen,” by w. Flogege, Julius Springer, Berlin, 1957, VI. 
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— _ the corners is not infinite.* These shears can be evaluated by the a a : 
the total vertical equilibrium of the shell 4 
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“an 


‘The preceding result obtained a first-order has refined | by 


a 


recent ¢ experience ce of P. Csonka®® has pr proved that the last of the 
isdangerously high. Anelliptical paraboloid built by Csonka behaved 
satisfactorily for a normal snow load condition, but the paraboloid buckled 


a This experience allowed the evaluation of a lower bound and an upper bound pw * 

_ the critical load of the shell, and these bounds checked with the experimental Ps 
value for the critical load of a sector of a sphere determined | by ' Torroja. On 
‘the basis of the preceding results, a safe value for the coefficient, c, in Eq. 75 ‘o 

et. For an average radius of 129 ft and a coefficient equal to 0.05, Eq. 75 yields — 
de = = 81 lb per sq ft and illustrates that for shallow shells the critical load may re a 
not differ greatly from the actualload on theshell 
A knowledge of bending and membrane stresses ¢ due to loads and tempera- 
“ture changes will be helpful to the designing engineer, who will thus be able t to 
cover large areas at costs less than those of any of structure at the 
presenttime. 


>. 


AurReD | PARME, AN M. ASCE, —Formulas have been developed by Mr 


Au, facilitating to rita extent the determination of the effect of lateral ods 
‘ by use of an integrating factor. _ However, this simplification does not ease the 
‘problem « of satisfying the boundary conditions. For example, the shear cre- 


in the z-direction is s expanded by Eq. 8b to include the e effect of | a lateral force, 


wll Substituting Eq. 760 i in Eq. 5 and modifying to include lateral surface load ral 


lah 
ure,” by T. von and H. 8. 


Theory f for the Bytes of Thin Shells, + by I H. 8. Tsien, Journal of the Aerona onautical Sciences, Vol. 


Buckling of ‘Spheroidal Shell Curved in Two Directions,” Ceonka, Acta 
Aecademiae Scientiarum Hungaricae, Budapest, Tomus XIV, 1956. 
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xa With only one available constant of. to satisfy edge 

for lateral forces at two boundaries, it is apparent that the membrane analysis — 

that implies only direct axial shearing and tangential shearing in a shell is ~—— 
plicabie or valid only if suitable reactions occur along one of the boundaries. — 
If the latter condition is not satisfied, as in the case of free-standing umbrella- ‘ 
type hyperbolic paraboloids, it follows that resistance to uniform lateral load — 

syne be supplied by radial shears and bending moments in the shell. cs ‘It can_ 


bending moments must be Presently (1958) there is no simple 
any of the problem of f bending i in hyperbolic paraboloid st shells. — To tine ae 
ti is correct that differential equations expressing the equilib-— 


d hes to a a stage at which it can be applied readily. Quite fre- 
quently, approximate solutions based on limiting modes of behavior are used. 7 ; 
For example, in the umbrella type of shell, the thickness of the shell in the 
tale near the column is s of such magnitude that the entire bending ng moment 
can be resisted easily in this local region. The dissipation of the moment into yy 
the shell is then +." on the basis of several limiting conditions of 
SS ‘os _ Mr. Au correctly indicated that the e statement following Eq. was mis- 
leading, and thiserrorhas been corrected. 
Mr. Pagon stated the need for more analytical information on the subject, 
; especially on the effect of lateral loads. As mentioned previously, an investi- 
gation of the stresses created by lateral loads ree bending analysis of the 
hyperbolic paraboloid shell. The magnitude of such a study is beyond the 
‘The question asked by Mr. Pag mead on the degree of flatness which can be — 
“used a and still have the » membrane analysis valid for the hyperbolic paraboloid 
_ depends toa large extent on the magnitude of the secondary bending moments 
~ caused by axial strain. _ The analysis presented is based on a satisfaction solely — 
t of the equilibrium of f forces, and no attention is given to the compatibility be- 
_ tween strains and stresses. _ For the usual rise, h/a = 5 or h/b = 5, the effect 
oe of axial strains i is unimportant and can be ignored safely. However, when the 
\ ratio, h/a, decreases, the effect of axial strains begins to exert a dominant in- 
_ fluence on the behavior of the shell. The departure in behavior from that in- 
dicated by the simple membrane analysis i in @ ~_ shell i is analogous to that = 


4 of rise to span Pecan - For r very flat sonctalll arches, it can be shown that 7 
_ if the rib shortening effect—that is, axial deformations—is included in the 

- 7 analysis, the horizontal 1 component of the reaction for : & given span decreases 
as the ratio of rise to : span decreases. With no rise the horizontal component — 
decreases to zero, and, thus, the secondary bending due to axial strains ap 

proaches | the simple-beam bending asa limiting 


The st 
that its curved surface resists the load i two sets of parabolic arches which 


— 
— | 
il 
— 
— 
— 
— 
Bz 
— 
| 
— 
— 
— 
| a 
= 


to the arches as a free body. If the shearing forces and normal forces on the a 

‘two opposite faces are ignored, and if it is assumed that the ends of the arches ~ a 
are not free to move, then the bending moments due to lack of curva- 


by the quantity, 2/t, is expressed in terms of the simple 
beam bending moments occurring in a strip of forts L. Fig. 13 ornare F 


= 


» 


0.2 


‘Fra. 13. or SECONDARY BENDING 


is carried entirely by beam action, which is contrary to can 
from membrane theory. For strips farther away |! from the corner, the 


moment decreases. The of the decrease of ht 


, the more rapid | the decrease i in the magnitude of the 
moments. ‘3 The usual value of ms 
is approximately 0. 010 that the is 3 i in. 
4 the secondary m moment becomes ata a distance of 


Fig. 13 shows another important characteristic that has been ciamecil on 
of the shells that have been built. we is seen | that at the corner the 


are n¢ ° inino tri which 18 paralle 
| are perpe ained by examining a s — 
effect of curvature can be obt 
— 
8 
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Fig. 13 for various rati = 
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we ee are thus loaded vertically and act as cantilevers for a small part of their eet | 4 Bed 
<b Consequently, the edge beams in this vicinity should not only be designed for es 
the tension computed by membrane theory, but should also be deepened to 
- prevent excessive deflection, and the edge beams should be reinforced for neg- ae 
aie ative moment. This is especially desirable when the edge beamisupturned. _ 
ave. «Be Because the value of L increases linearly in proportion to the distance from 
chines 
the corner, it is more ‘expedient to show the effect of axial strains in terms of Be ; 
‘the secondary flexural stresses that are created. Such values are plotted oS 
“Fig. 14, which brings into sharper relief the importance of curvature on 


Ps 


2 = 


fs. - 


3 
s 
= 
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‘magnitude of the ‘Secondary stresses. ‘For an type of hyperbolic 


paraboloid that is subjected to a load of 72 Ib per 8 sq ft and with ¢ a ratio of 
= 0.01 the  sononidary stresses occur at = 13 andare ire 


For the analysis of various types of shells with different types of boundary, — 
required by ‘Mr. Pagon, no generalized | solution | can be given. this 


reason equations based on finite differences were presented. 
; __ Mr. Bannerjee prefers to deal directly with the stresses instead of the toe a 
function, F, which with the writer’ 8 with the | suggested 
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finite- difference Eq. 48. recommended modification of the he 
formulas to include the case of oblique shape is welcome. 
“a Mr. Salvadori’s application of the well- known solution n for ¢ cylindrical sur- 


faces to the determination « of the bending stresses occurring near the arches sin 


ing in shells of double curvature. Nevertheless, in using this approximation the ae & 

y difference between the idealized state, which forms the basis of Mr. Salvadori’ ‘i 
formulas, and the actual conditions must be considered. _ The magnitude of ane aa 
the bending moments presented i in Eqs. 70 and 730 i is that which occurs in an 


infinitely long ‘eylinder subject to a radial line load that is applied iii 


: about the perimeter. The formulas are also valid for cylinders subject toa = 
radial line load which varies sinusoidally as sin (n 7) about the perimeter, pro- 3 


vided that n- is less than 0.50. In both cases it is implied that the 

- resistance to the line load or the imposed deformation i is developed by com- — 
pression in the adjacent elements which act as fully continuous rings. When 
the rings are not continuous, their stiffness is greatly reduced, and, hence, the 
applicability of the formulas is questionable. Thus, although Eqs. 70 and 73b- 
may predict | the structural behavior near the crown with a fair degree of ac- — 
curacy, because the horizontal strips are continuous they may exaggerate the 
_ It should also be indicated that Eqs. 70 and 73b assume that the edges of 

- case because the arches have little torsional stiffness. — With no restraint the — 

moment occurs at some distance from the edge, and i its value i 

roximately one-third of that indicated by E 70. eis. 

y d by Eq. 70. 
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shell are fully restrained against: angular rotation. This is not usually the 
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AMERICAN SOCIETY OF CIVIL ENGINEERS 
i RA N S A TI O N ait ae 


BU BUREAU (OF PUBLIC ROADS ‘EXPERIENCES IN| 


ae te New methods and practices i in surveying are fulfilling present needs through- : 
out all the states in the rapidly expanding highway-construction program. 
Ground-survey methods cannot be supplanted but can, and should be, supple- 
_ mented by photogrammetry and aerial surveys in order to. obtain better sur- 
veys and highways in less time with fewer engineers. vite ait 


‘United States has become great through the ability. of the to 


“Such problems ar are innumerable, and for ‘many reasons it has 
a been questioned —— there are mene trained people to keep abreast of 


them, 


oe In highway engineering the difficulties. multiply and increase at an immea-_ 


‘surably rapid rate. Circumstances, economic forces, convenience, 


and safety requirements demand more and better highways. Current rates — a 


of highway construction—although m much increased beyond rates in the past— 
do not fulfil present needs. Combined with this realization, the current (1956 

q but insufficient increase in highway construction reveals the alarming shortage 
_ of experienced engineers, and stresses the inadequacy of outmoded survey 
hele and practices in force since e the railroads and before the advent of is 


Arthur C. Clark of the Engineering Division of the Bureau of Public Roads, 
United States of Commerce, has stated?: 


rinted here, i in December, 1956, in ie pee of the Sininttin 
and Mapping plished. as Pr per 1117. Positions and titles given are those i in effect when the 
a ay 4 Engr. and Chief of Aerial Surveys, Bureau of Public Roads, U. 8. Dept. of Commerce, Ke 
Engineering Productivity for New Program Levels,” A.A.8.H.0., 1955, 
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it funds are oe to the actual commencement of construction. This = 
delay is due in part to financing and right-of-way acquisition problems and = 


in part to administrative determinations as to policies and priority of proj-— 
ects for programing. A substantial portion of the elapsed time, mnt 


tt 


Boy discloses increments of progress toward 
way engineering practices. It also discloses that there is no concerted _ 
effort on a broad enough scale for a full ‘package’ modernization of high- 


It ‘should ‘be. emphasized that the greatest challenges for "decreasing elapsed _ 


_ time and saving eng: neering manpower lie in the preliminary engineering — 
The many in the highway -engineering ‘question. and er 
are justified in believing that the still greater increase that will occur in high- — 
construction will overwhelm the states and all highway- engineering or- 
ganizations. “However, few of them feel that the equipment and materials 
manufacturers, the transporters of goods, or the construction contractors will Ss, 
fa fail. to “meet the demands of the new and larger construction programs. _ The — an 4h 
- greatest concern of many individuals is in the accomplishment of the engineer- _ - 
" ing work that is always necessary in the preparation of plans before construc- — 


tion and in Lor performance of construction engineering ¢ once the power shovels, 


materials, equipment, transportation, and construction. 


L Cronk has ‘quoted? that “research people are hard on the 


4 status quo thes * (they) change entire processes.’ he researchers that were 


maintenance and ways and means of i improving ‘the appearance, durability, 
and safety of highways. However, the effect of research on surveys Was: not 
mentioned. 5 Too little has been thought, done, a and said about i improving the 
old ways and devising new ways and means of making the various surveys a 
in each highway engineering stage. f fact i is now "causing alarm as 

= a . result of the known shortage of experienced engineers and the increased 
Ly highway-construction program. Even those who are reticent are much con- | 
cerned because they realize that newer, . faster, and fully satisfactory survey 
are | necessary. -Moreov ver, such methods 1 must make it possible for 
present engineering staffs to be responsible for increased “expenditures: and pe 
greater highway 1 mileages. S. Otherwise, it will be ‘necessary to admit to the i in- - 


ability of existing staffs, which | cannot be much enlarged, to cope with future 
— “Road Building Begins with Research,” by ‘Duane L. Cronk, ‘The Highway Magazine, June, 1956, 7 
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HIGHWAY SURVEYS 


tasks. Anticipating this situation, some individuals have 
— been greatly concerned. Fortunately, there have been a few who have performed — 


4 Such methods are aerial and photogrammetric in character and have been — , 
. pioneered for several decades by a few who have had the foresight and courage — 
to tread an unknown path full of obstacles. Regrettably, the acceptance of the | pa 
new and improved methods of these pioneers has been slow, and the status. quo | 


been adhered to tenaciously for many reasons. 


The realizations and admissions by the reticent and the doubting are the _ i 
- greatest assurance that the aspirations of a few men will cause concern among ¥ H 
a the rest so that it will be possible to cope with the problems i in their increased 
¢« ‘magnitude. — In doing this it will be necessary to find new and improved ie 
methods to attain the objectives. In the highway field more and better high- 
ways that are adequate for the public’s needs are one objective—engineering is — 
oe The BPR has’ many ‘responsibilities, s among the most important ‘of which = 
are the administration of federal aid in all states; the engineering and con- . 


4 struction of highways to, in, -and through national forests and parks and other q 


- the improvement of old ones. Others have begun to give the new and ioacuall 3 j 


federal lands in thirty-six states, Alaska, and Puerto Rico; research ; andthe 


a the BPR ha of new methods and the improvement of old ones. In addition, 


the BPR has cooperated in the engineering and construction of highways in 
Ar other countries. ay Admittedly, much of the surveying for all the engineering 
work has been performed, and continues to be, by ground-survey | methods. 
“Full advantage has not been taken of to use aerial ‘methods, but, 
fortunately, this practice is changing. In the summer of 1954, authority was 
to negotiate for the services of qualified and reliable photogram- 
metric engineering firms and consultants. This authority, the enlarged con- 
- struction program (which will increase), and the shortage of engineers are 
_ working toward effecting the needed changes in highway- -surveying practice. 


own ENGINEERING A} AND SURVEYING Sraces 


4 engineering tasks are performed throughout a series of 
“nated stages, and in each stage surveys are required. ~The surveys usually 
begin: with the general information and. proceed to » the specific o or detailed in- . 
_ formation. At first, their scope is broad and their characteristics are those of is 
: reconnaissance, in order that all | feasible route alternatives can be determined 
and compared with respect to. type, condition, value, and relationship. Then 
sg the surveys retain their reconnaissance characteristics, become narrow in scope, po 


— and are used to compare the alternatives i in sufficient detail to determine the — 
a route having the most advantages i in service; comfort; convenience; safety; ; in- 2 
=. itial cost of right of way and construction; motor vehicle operation expense ; 

cost of maintenance; and cost of improvement to fulfil new requirements ~_ 
ever r traffic m might increase beyond the design capacity. Thirdly, a preliminary 
+f survey i is made of the best route for measuring dimensions eereny and ihe Ba 
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taining sufficient in informationfon topography, soils, drainage, land use, rights 
of way, and other details necessary for the design of the highway location and As 


the preparation of plans. Fourthly, a location survey is made that includes’ 


staking the highway and its right of way and structures on the ground in | ‘ 


- right of way and land use bordering the proposed highway s site ; aieeiaee| 
the kind and condition of soils; drainage; appearance; convenience; and com- 


placement of of the one-man highway locate by a large staff of specialists in the 
survey, design, and location of any major highway project. 


¢ Mistakes in highway location can be avoided by ‘sufficient reconnaissance 


in ‘the first two stages. However, mistakes in reconnaissance cannot be cor- 


rected during the preliminary survey in the third stage. 3 


Reconnaissance on the ground is difficult, and it is often at ~ Con- 
: trols of location are at natural scale and are usually so far apart that their oe | 
n nificance and relationships are difficult to determine and evaluate. — In. contrast, 
however, aerial photographs used as a reconnaissance tool beldie: the topogra- 
phy, land use, soil and ground conditions, drainage, and all other controls of 
highway location into the office at a scale that enables the engineering staff to 
understand the full significance and relationships of one control to another. 
Nothing need be missed, overlooked, or improperly evaluated. — _ Every feasible 
route alternative can be determined and compared, in n contrast to merely : find- 
ing a way—never knowing whether it is the best or the worst—as is the case 
if the reconnaissance is accomplished on the ground i in limited time by a one- 
man 1 locator. In addition, 1 when aerial photographs : are at hand, each special- 

ist can do his part while working with complete information. On the other 
hand, on the ground each individual usually obtains a different concept, and 
verifications | or clarifications can be obtained only by repeated reconnaissance, 
which i is costly in terms of both time and money. © co Ee 


and ‘youte alternatives we were determined between two terminal points, which 
_ were 100 air miles apart. One year before this aerial survey was conducted, 
a ground survey had been made for a 15-mile section of the route, where it was 
necessary to cross eight rivers and the topography was rugged. After the aerial 
survey had been completed, it was necessary to decide whether the 15-mile 
ground survey should be adhered to or abandoned in favor of a similar le length 


ae of the 120-mile through-route that was determined by | aerial | survey. 3 


aa and in which there had been no provions clearing on the route that was de- — 
_ termined oe aerial surveys. _ Then, with Profiles in in hand, engineers 8 walked over a 


— 
1roughou > loregoing stages, considera must be given to the multi- 94 
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HIGHWAY 


= indicated grades ‘on aerial-survey route and ‘esti- 
mated savings in construction costs of $300,000 for grading and $400, 000 for q 

_ bridges (an average total saving of nearly $47,000 per mile). Another compari of 

son can be made: The total cost of the 4 ,000-sq- -mile : aerial survey was: only: 


ye 
$30, 000 | for all area and route photography ; stereoscopic examination of the 


photographs; determination of more than 240 miles of route alternatives; prepa-— 


4 ration of estimates of construction cost ; comparison of routes ; and recommenda- 
tion of the best 120-mile route for preliminary survey, design, and construction. 
‘The 15-mile partial route reconnaissance and preliminary survey that were 
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HIGHWAY SURVEYS 


Once the reconnaissance has been completed by ac an exact, 

_ detailed, photographic image record is obtained in stereoscopic correspondence 
of all routes s that were determined and of the route that was chosen for a pre- 
liminary survey. The stereogram | in Fig. 1 shows possible route » alternatives 7 

& on original photographs by use of white acetate tape. This delineation a 7 

of routes in stereoscopic correspondence with the topography enhances their 

ene value and is a valuable guide to field parties making a a P-line surv > | 
@ the route on the ground. To examine this stereogram stereoscopically, — 
ther of two methods may be used— lens-type ‘stereoscope or or the unaided 
eyes. To study a stereogram without a -stereoscope, the left: photograph is 

; examined with the left eye and the right photograph with the right eye. To : 

i simplify this procedure, a 10-inch card may be placed between the eyes from the 
- face to the line between the p pair - of photographs of the stereogram. - The ob- 
_server is thus prevented from looking first at one photograph and then the other. 
With the card in place, the observ er must look into the distance (as if he were 
seeing: through the p: paper on 1 which the photographs : are » printed) until the — 
_ dimensional picture is seen beyond the pages of the book. A little practice — 
will eliminate the necessity for the card. 

Thus, with the photographs as a guide, an otherwi ise undirected party on 


_ by either round methods or aerial | methods. ‘However, whenever 
reconnaissance is made the only guidance records that are available are the 
_ sketches, the oral and written reports of the locator, and the flags, if any, which _ 
_ the locator sets while | going over his route. Immediate personal attention : 
2. must be given to each mile of the preliminary survey if it is to be made where — -- 
Be som It would be difficult for the locator to begin anywhere and surv ey a 


_? By ground-survey methods only, it is also difficult, costly, and time con-_ 
suming to make preliminary surveys of route bands that are sufficiently wide ; 
to include all the alinement, grade, and cross-sectional possibilities on the 7 

chosen route. Nor is it easy to include the changes that usually become neces-_ 

> A reduced-size reproduction of a topographic map, whic h was surveyed by | 
the P-line and plane table methods, is shown in Fig. 2. working scale 


_ was 50 ft to 1 in., and a contour interval of 5 ft was used. The narrow width 
_ mapping was insufficient, and the center line (stationed at 500-ft intervals) — 
extended beyond the mapped area. To complete the design, additional map- 
was required, for which photogrammetric methods were used. 
versely, however, a route band of topography, which is from two to twelve 


_ times as wide, can be surveyed by aerial photogrammetric methods” at less 


‘cost than, or or equal cost to, -ground-survey 1 methods. 

aa Fig. 3 shows a reduced-size section of a topographic map, compiled in 1956 

by stereophotogrammetric methods, of the same section of highway route 

_ is shown in Fig. 2. The compilation scale was 100 ft to 1 in. , and the contour 

was 5 ft. mapping width in realistic detail was obtained 
eas in which 


it was to the same of detail and accuracy as in situa 
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IGHWAY SURVEYS 


Average Width of Survey Cost, in q 


t 
ane per square mile} per acre of | per route-mile 

of mapping mapping | of highway 


1/5 to 1/4 
1/4 to 1/2 
‘2 to 1/4 


33 


The widths are those that were surveyed by methods at approximately the 


< tions in which the ground was easily seen. The center vas of the initially de- ; 


signed location is indicated by the heavy line stationed at 500-ft intervals. — A 


comparison of the two figures can be made with respect to the character and ! 


completeness of contours and other details. It appears that sketching by in- Ps 
. ‘terpolation on the plane table between points of finite measurement only 
ow faraebes outlines and fails to provide details. "Table 1 shows details of scales : 
widths of surveys, and costs for both ground and aerial surveys. a The higher 
— of both types of surveys are incurred in cases for which the land use is 
_ intense, and the lower costs occur if the land use is small or nonexistent and 
_ ground cover i is light over rolling and smooth- to-nearly- level topography. _ q 
22 disadvantage of aerial surveys in many regions is vegetation, which is 4 
“associated to a degree with the seasons. For example, wherever evergreen 4 
vegetation is tall and dense, only Teconnaissance surveys can be n made by 
aerial methods, and the | preliminary | surveys must be made on n the ground un- 
peck. the trees. This is because a me carat engineer cannot survey or 


must be taken when Shen’ leaves are off the trees and when the ‘ground is not 
i _ Photogrammetric methods are sufficient for the. delineation and the ‘filing 
in of required map details between visible, identifiable points of known hori- 
zontal position and elevation. Such points are necessary, but they require 


omen methods to determine their horizontal position and elevation. 


— 


— Use or AERIAL Sunvers, 


—— Tishing a photogrammetric and aerial-surveys unit, and of the general organi- 
gation and equipment -Tecessary to take aerial photographs, make ground- 


control surveys, maps by photogrammetric methods. unit 


— — 
14800 | 40 | 1,050 to 1,320 | 3,000 to 16,000) 5 to 25 “7/30 
| 1,820 to 2,640 2'500 to 12,000] to 19 1/24 
- 1:1,200 | 100 “Ge 2,640 to 1,320 | 1,400 to 10,000) 2.2 to 16 1/12 
| 100 | 2,640 to 1,320 | 1,000 to 6,400] 1.6 to 10 to 1,600 1/13 
| 200 5,280 “400 to 1,000] 0.6 to 1.6 to 1,000 
:2,400 | 200 | 10 to2  |5,280 to 10,560) 250 to 0.4 to 0.9 to 1,200 1/6 
— 4 1:4800 | | 10,560" | 150 to 400) 0.2 to 0.6 to 
400. 10,560 100 to 300! 02 to 05 to 600. 5 
— 
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- 
| 
— a 
¥ 
are a necessary pa (FQ 
> 
— 
7 « 


‘HIGHWAY 


Surv ys V /ERSUS Grounp SURVEYS 


Avene Wide: of Survey ues weed Cost, in Dollars serial ie 


n no of mapping | mapping of highway fa) rad 
100 1/30to 1/16 | 180 to 330 to 48,000 | 19 to75 | 400 to 3,000 
100 1/24 to 1/8 0,000 to 32,000 to50 | 400 to 4,000 
to 21 400 to 1,700 
00 to15 | 450 to 1/200 
00 880 to 660 ili to 12 | 350 to 1,000 HO 


to 7 | 300to ‘800 
1,050 to 880 | 1,000 to 4,206 


700 | 10 to 7 


same cost per route-mile of highway as wider widths surv eyed by aerial methods. 4 uifet 


would supply the of photogrammetry and aerial surv eys but not use 
ighway engineers w heneve 
"photogrammetry is to highway. engineering from the two stages of recon 
_ naissance through preliminary surveys, soils exploration, and location surveys _ 


To apply photogrammetry effectively in highway engineering, the user of 
‘aerial photographs first must be specialized as well as qualified as a _highw ay 

“engineer. Secondly, he must know how to apply photogrammetry in his par- - 
ticular work. The scales that are most useful and the accuracy that will be 
required from t the photographs i in each stage of highway engineering 1 must be _ 


Cs 


a n, as well as the means available : to. obtain and to use such photographs. 
highway engineer should av ail himself of every opportunity to 
‘serial photographs and the products that can be obtained from them, which — 
are easily specified as ‘required and are readily from photogram- 
photogrammetry the preparation of large-scale maps, plani- 
- metric maps, and profile a and cross sections from ai aerial photographs by use of 
-— fovamen, rode equipment is a specialty similar to that of the transitmen, 
levelmen, rodmen, and chainmen who make both preliminary and location cs 
surveys on the ground. These specialists d do not design a highway location or 
‘prepare plans s and make engineering estimates by use of the qualitative ah 
mation and dimensional data of their surveys. | 
_ highway locators, designers, and | estimators who use. the survey information 
and data furnished by the field “survey parties. ‘The topographic or plani- 
metric maps that have been compiled and the profile and cross sections that 
have been measured by photogrammetric engineers can be used | by highway 
engineers, ‘supplemented by a stereoscopic examination of the ‘photographs 
from which they were prepared. Photogrammetric engineers engaged by 
; tract, or employed i in the highway department, may | be specialists who do not 
know fully ‘the principles, procedures, ‘and practices of highway engineering. 7 
“highway vengineer, however, | while working on | his assignment, 
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_ should be able “ apply methods of photogrammetry and photographic inter 

d tie; and should have sufficient knowledge to specify properly what the — 
photogrammetric engineers can and should provide for his use. The limita- °4 | 
tions of photogrammetry, as well as its practical as = advantages, must be g 


Highway y engineers should obtain initial in aerial methods by 
- the use of aerial photographs for reconnaissance purposes only. Such photo- 
graphs may be obtained from available sources of areasin which the use of the 7 
- land has not changed much since the photographs were taken, or should be <a 
newly obtained of areas in which vital changes have occurred and up-to-date 
information on land use is is needed. Topography changes: little throughout the 
years, but land use changes rapidly near metropolitan areas. ba to # 
The reconnaissance of an area to determine feasible highway routes can be oa 
sl accomplished almost completely by the use of (a) ager aerial a 
graphs and (6) less complex photogrammetric instruments. The latter include 
‘mirror and lens-type stereoscopes, engineer’s scales, parallax bars, stereocom- 
paragraphs, contour finders, the ‘elevation: wedge, and stereo-slope compara- 
tors. addition, aerial photographs can be used to ‘illustrate (1) the engi- 
ie on problems caused by conditions existing prior to highway location; 
_— (2) perspective views of what the highway will look like when built, as de- 
signed o on the best route; (8) a a picture of the highway when constructed ; 
(4) the appearance of the highway after traffic use, including “changed — Y: 
For re reconnaissance, highwa ay engineers ¥ with experience i in location and de- 
A sign should use the photographs stereoscopically, as well as the best available 
maps. For the illustrative uses, ‘it is essential to have an artist who i is familiar — 
7 with highway en engineering and who is skilled in the art of perspective deline- a ¥ 
ation on photographs. In addition, it is to have the service of 
laboratory, where contact prints, photographic enlargements, 
and photographic mosaics of both the uncontrolled and the controlled types 
‘a be prepared from aerial negatives. - For this reason the laboratory should - = 
have a contact printer, a precise photographic enlarger, a photographic-copy ‘ 
4 camera, and radial-line plot equipment. 


ne 


Once a department has ‘initially applied Photogrammetry and the 
use of _ elementary photogrammetric equipment in the reconnaissance 
stages, it can judge better the extent to which it should staff and equip itself 
to use aerial photographs and precise photogrammetric ‘methods in the prepa-_ 


ration of large-scale maps for the preliminary survey. However, while using zs 4 


photogrammetric methods for reconnaissance, » the | highway department may 


io. make its preliminary surveys on the ground, or contract with reliable photo- a 
grammetric engineering firms, which are equipped and staffed to perform such 
services for preliminary-survey photography and large-scale route mapping. “ 


_ There are many advantages i in engaging the services of these firms, especially Md | 
for aerial photography and mapping. Specifications can be written that make s 
it } practicable to — aerial photographs and and ‘maps to the scales needed and — 
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- HIGHWAY AY SURVEYS 


within the limits of accuracy required. Such specifications, 


with, would assure results of uniform quality at a reasonable and an an 
For economic utilisadion of precise photogrammetric methods for mapping, 
there is a relationship between map scale and contour interval that should be - a 
observed. ” Expressed numerically, the map scale (in feet to 1 in.) should be _ 
‘ forty times the contour interval (in feet). Some representative map scalesin 
feet to 1 in. . and the corresponding contour interval in feet are: 200 ft and 5 ft; aie : 
80 ft and 2 ft; and 40 ft and 1 ft. Wherever maps are required at scales of 
100 ft to 1 in., or 50 ft to 1 in., they can be obtained by photographic reduc- 
r tion in map size and scale from 80 ft to 1 in. to 100 ft to 1 in., and from 40 ft y 
i _ to 1 in, to 50 ft to 1 in. The contour interval of 2 ft and 1 ft, respectively, i 4 's 
= = _ There are reasons for having a photogrammetric unit to prepare topographic — 
|} —s Maps from aerial photographs as there are reasons for an engineering organiza- j es 


ao ployi ing consulting engineers. The principles and ideas with respect to con- 
neering firms. When specifications a are not complied with, consultants can 
Tequired to do the work over at their until compliance is attained. 


_ Testing the adequacy and the accuracy of position in map details, eontour 7 
; ‘elevations, and profile and cross-sectional measurements is an arduous task. _ 
_ Coupled with these disadvantages are the delays that occur whenever maps 0 4 & 
: a A near-ideal situation will exist when all maps and measurements that are . 
made photogrammetrically can be tested by the same methods rather than by __ 
traverse ‘running, profile measuring, and position testing by ground- -survey 
methods. . The ideal will be attained when all p photogrammetric | work is so” 
a accurate and reliable that all tests can be eliminated. Present methods of Rs. 
testing maps photogrammetrically, together with a few ‘measured spot eleva ~~ 
and positions, are a step p forward. difcront ok nent ‘ak 
A principal advantage of negotiating contracts with photogrammetric engi- a 
neering firms is that payroll employees are relieved of the arduous, time-con- _ S _ 
suming task of making ‘surveys. Thus, they will have more time to design 
- locations, prepare plans, and procure rights « of way by use | of the ys 


aerial photographs, photographic mosaics, maps, profiles, and cross sections 


provided by such firms, 
: Another advantage is that highway s stakes need not be set until staking for ; > _ 


construction is necessary. In a acquiring right of way, problems are 
by projecting trial locations on maps without alarming the public and property he 


owners by numerous preliminary-survey lines on the ground. Sti Still another 

advantage i is the continuity that can be ‘obtained by the. early completion of 
7 surveys, designs, a and plans from terminal point to terminal point for “Fight Vn 
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4 of-way acquisition land increase and construction funds are win 

Photogrammetric methods that are ‘properly are an ‘efficient 

panion to electronic methods of computing such values as end areas, earthwork 

Volumes, mass-diagram values, and survey traverses. The profile and cross 4 


aa ‘sections can be measured and their dimensions recorded photogrammetrically 
4 for making the electronic computations. Designs can be completed ~— : 


metrically prepared maps. Similarly, the highway alinement can be com- 
” puted and fully coordinated to ground-survey position in the system of state 


a plane coordinates through the station markers set while the ‘ground-control_ 


“4 ‘surveys were made for the mapping. For any projects that are more than 


1,000 ft above mean sea level, the coordinates of such markers should a 
_ adjusted to apply at the average elevation of the area of survey rather than 3 


7 _ sea-level datum. The reason for this adjustment is to make measurements of 
- distances on the 1 map correspond correctly with horizontal measurements on > 


_ the ground, thus emureecany the need for correction of each map distance. 


Although surveying practice has been slow to change, highway engineers 


7 ‘tind acknowledge the necessity for improvements. _ The next step is to take 


‘ advantage of new methods that have been proved in fair trial. Finally, as = 
_ more individuals take advantage of the new methods, there will be greater 
- adve vances as a result of change and improvement, and the highway. -engineering a 
ghway 


profession will become better qualified and capable to cope ex- 
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A M ERICAN 


A PRESSURE-LINE CONCEPT FOR INELASTIC 
By FRANK BARON,? M. ‘ASCE 


Ww ira Discussion BY Mussns. Joun A. AND FRANK 
. The concept of the pressure line, useful for arches and rigid f fraines, is —_ 
; oped for quickly estimating the effects of plasticity on the behavior of struc- a 


stress-strain relationships on the behavior of structural] elements 
jected to axial and flexural loads. The estimate is obtained by using ¢ anelee 

mentary theory of mechanics and adjusting the estimate to fit the conditions _ _ 
of a theory of plasticity. — In this procedure the > results of both theories : are 
available for comparisons s and for further studies, as of ultimate- 


load analyses and inelastic buckling. 


: ws an axial load, P, and a moment, M, about a centroidal axis of the : section. _ 

, The area of the cross section is designated by A = > da, and the moment of 4 

inertia about the centroidal axis by 1 22da. For convenience the cross 
section is assumed to have an axis of mpquastey 0s shown. 7, The effects of shear, 

 Poisson’s ratio, residual strains, and Jocal instability of projecting elements of 5: 
a The results of the elementary theory of mechanics are summarized in Fig. 

In Fig. 1(a), the stress, 80, inafiberisdefinedas 


- Nore.—Published, essentially as printed here, in January, 1957, in the Journal of the Engineering — ~— 
we Division, as Proceedings Paper 1157. Positions and titles given are those in effect when the 
paper or discussion was approved for publication in Transactions. 


Prof. of Civ. Univ. of v. of California, valifornia, Berkeley, y, Calif. 
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WEF Stress-strain ‘which P/A and s = M 


| t _ section is linear and satisfies the re require- 


ments of statics, namely— 


of assuming (1): a linear distribu- 


7 
tion of strains across the section, and 


IN a linear stress-strain relationship for 
VALUES OF STRESSES material. an angle change be- 


STRAINS adjacent cross sections is stated 


om terms of strains, stresses, and mo- 
Controidal axis — ment as follows: 


va} 


mie As, ‘equal to M h/I, represents the dif, 


Ye ference in the stresses of the extreme 
44 fibers; and E, is the modulus of elas- 

ticity. _In Fig. 1(a), the strain in a 

fiber is represented by € = at 


be the modulus of elasticity i is repre-_ 
FLEXURAL LOADS herein, the requirements. of statics and 
nt = oe of geometry are the same as those that 


mechanics. In each theory the 


tribution of stresses across the section must satisfy the statics, 


n the theory of plasticity discussed — 


sented by E, = = 8a/€. = A%/Ae.. 
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in each | theory the distribution of strains across the is to 
be > linear. _ However, in the theory of plasticity it is assumed that the stress-_ 
4 strain relationships for the fibers of a member that is subjected to 0 @ simul-— 
ba taneous axial loa and flexural load are the same as those obtained from simple 
coupon tests. In ‘Fig. 2(a), the stress-strain 
relationship of the material is represented by insti 
curve AOB and is assumed to be the same for. "lain 
‘The stress in a fiber, as given by the theory we i 4. 
of plasticity, may be interpreted as being equ 
_ to the stress given by the elementary theory itor 
5 plus a a correction stress tos account for the non- Has eat 
- linear stress-strain characteristics of ‘the ma- 


QO 


In Fig. 2 the 


muta 
pe 


theory of mechanics. ‘The ordinates { adit vole wae 


by the stress-strain curve AOB are in accord- 


_ ance with the theory of plasticity, whereas those a symmetry = 
Bounded by the straight line CD arein 


with the elementary theory of mechanics, tor 
The shaded diagram of Fig. 2(a) and of Fig. 


represents the differences in the results of 


two theories or correction stresses as de- RTIES OF stow 


n 
ed e lagram f correction stresses shown oft 


in Fig. must satisfy the following 


ditions: 

‘oa. No load or moment should be contrib- 
_uted by the diagram of correction n stresses ; that ( TO 


_wiTH 4 THEORY OF PLasticity 


linear distributio of across must be observed. 
= The correction stresses must account for the nonlinear stress-strain char 


acteristics 


_ In the reverse order of the preceding listing, item 3 is satisfied because e the 7 
- correction stresses are represented by the ordinates bounded by line cD and — 
- curve AOB. | Item 2 2 is satisfied because the the abscissas of the stress-strain curve ; 


: ¢: the dimensions of the cross section are drawn to a linear horizontal scale. i” 
distribution of across the is linear. ‘The 
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scale selected for the dimensions of the cross section agrees with t 1e values et a é 


- the ‘strains in the extreme fibers. ni For values of strains in the extreme fibers — 
=“ other than those indicated in Fig. 2(a), , the horizontal scale of the cross section 
a is either reduced or magnified in proportion to the difference in the strains of 
‘The correction stresses that are indicated in Fig. 2(a) must balance or vanish. 7 4 
The phrase “balance or vanish” means that Eq. 8 and Eq. 9 must be satisfied. 
The requirements of these equations ar are as 


The sum of the positive sum of the nega-_ 


a tive correction forces. A correction force is equal to a correction stress times 
b. The centroid of the positive correction forces must coincide with the 


The preceding restatement is particularly useful in pictorial studies of the 

effects of a nonlinear stress-strain curve. This will be apparent to those who 

are already familiar with the pressure-line concept for fixed-end beams and 

arches. A sketching procedure may ‘be developed herein that is similar to that 
. used in . sketching pressure lines for fixed-end beams.? In a fixed-end beam 


thes wee changes along the beam caused by lateral loads must balance. ‘These 


ii 
changes’ are Ae = ds 7 ds. “Thus, conditions of statics for 4 


correction forces in a short of a member, as cited herein, are analogous 
_ to the conditions of geometry for angle « changes along a a fixed-end ‘beam. These 
_ analogous relationships may be summarized as was done* by Hardy ‘Cross, 

Hon. M. ASCE, except that the column now has nonlinear char- 


1A 
acteristics. Moreover, the correction stresses of a column are concerned 


‘@ 
_ ticity. They may also be interpreted as measures of stiffness to the relative o 
"translation and to the relative rotation of adjacent cross sections, respectively. . = 
- Three examples of the procedure are given in Figs. 3, 4, and 5. They are © 


“Continuous Frames of Reinforced Conerete,” by Hardy Cross end N. D. Morgan, John Wiley and : 
Sons, Inc., New York, N. Y., 1932, p. 289. h to anataoomil: ai? be 


_ §“The Column Analogy, " by Hardy Cross, Bulletin No. 215, Eng. Experiment Station, Univ. = 
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further. Two modified moduli 
— in which g, is the average stress a d E are represented in Fig. 2 as slopes of — , my 
— _troidal axis. The values of E, and E, 
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fibers: 


ELASTIC 
as 


NDING 


EXAMPLE ends leven ‘baol 


an 


ads, 


ps a 


er in. 


= 0.001 in. p 


e, = 0.006 in. 


per in. 


'The modulus of elasticity, E,, | is equal to 12,000 kips per sq in . The dimen- 


sions of the cross section are 18 in. by 1 in., n., yielding : an area of 18 sq in. and a 
_ moment of inertia that is equal to 487 in. 4 Values are required for the loads, a 
stresses, angle change per unit of f length, ‘and the reduced moduli of elasticity. 7 f 
> a Between the values of the extreme fiber strains, a straight line is drawn that 

is to the best fit to the curve. This line can n be 


of correction is balanced, 

and, if necessary, the line may be re- 
until the diagram of correction 


From 


forces | is sufficiently balanced. img, 


Fig. 3(a), 8 and As, are observed to be 


35. 7 kips per sq | in. and 37 5 kips per sq. 
‘in, respectiv ely. alues of €4 and 
- Ae are observed to be 0.0035 and 0.005, 
-Tespectively, Computations yield the 


" 


Stress, in kips per square ais 
=. 


(0 
STRESS-STRAIN 


8a 
Stresses in accordance with each theory and their. differences are observed i in 


: fm a each extreme fiber a difference of 4. 95 » kips per sq in. is observed 


we 
‘The initial information for this s example differs in kind from that given in 


the Preceding information | for 2 includes the 


— 

. 
4 The information for example includes the stress-strain curve ( ‘ig. 3 (a)), 
the CTOSS 566 ring values of strain in the extreme 

— 

g — 

7 | | | 
if : 


_ quired for the stresses, strains, angle change per unit of length, ond the otek 


_ The elementary theory of ee is used to compute | t e average stress — 
and the ‘stresses in the Pe fibers of the cross section. | The elementary al 


"theory yields : an average stress of 20 


ee en sq in. and a flexural stress of 23.3 — 
Kips per in. f for each extreme fiber. 
‘The difference in the stresses of the ex- : 


|. -: treme fibers is computed to be equal to 


46. 7 kips per sq i in. ty Horizontal lines are 
drawn i in the stress-strain diagram con- 
“Th sistent with the computed stresses in the 


extreme fibers. Between the horizontal 
tines, a straight line i is drawn that is esti- 


are inch 


ps per sq 


in ki 


a 


‘ +H mated to be the best fit to the stre 


strain: curve. From the intersections of 
lines are drawn to the stress- 
10", in inches per inch "stress-strain diagram, the cross section 
@ STRESS-STRAIN CURVE is drawn to a scale that corresponds with 
the difference in the strains of the ex- 
between the straight line and the stress- _ 


PROPERTIES OF CROSS- SECTION strain curve represent the 


Fic. 4. stresses that must be added to the stresses 
determined by the elementary theory of 
mechanics. : If the diagram of the correction { forces. does not balance, the straight | : 
4 line must be redrawn until the diagram i is ; sufficiently balanced. Ve pT oe 

_ Values of ¢, = 0.002 in. per in. and Ae = 0.006 in. per in. are read from Fig. B 
4@). _ The values of the angle change per unit of length and of the reduced 3 


= 7,7 1.780 Kips 8q in. + 
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which i is in agreement with the criti- 


column is made of a material a stress-strain curve as" 

* — shown i in Fig. 5(a). _ The column is subjected to a critical axial load of 485 kips 

i: and has a cross section as shown i in Fig. 5(b). The area of the cross section is 
equal to 5.75 sq in., and the moment of inertia is equal to 42.5 in. ‘ A history 
7 of deformations is considered as in the double-modulus theory,* in which 

- increase in the strain of a fiber is associated with the tangent modulus and a 

_ decrease in strain is associated with the initial modulus. It is required to 


‘determine the value of the reduced modulus of ‘elasticity and the value of L/r 


load. illustration only the of 140 


nc 


‘The average is compute 
to be 84.4 kips per sq in. For this 5 


Value of stress, a line is 


drawn intersecting the given stress- 


strain curve. At this intersection, a a 
Tine is drawn tangent to the curve, % _»9 
another is drawn to the 
initial slope of the curve. These 
lines are ‘considered. to define the Strainx 10°, in inches per inch 
modulus are 15,000 kips per sq in. 
and 30,000 kips per sq in., 
=, For the critical axial load 


per square i 


PROPERTIES OF F CROSS. SECTION 


* _ the horizontal lines, a straight line is drawn that is considered to ae ‘the best 
fit to t the > stress-strain curve associated with buckling. — From the intersection — 
i ‘of the straight line with the two horizontal lines, vertical lines are drawn to the . 
assumed stress-strain ‘curve. ‘The vertical lines in Fig. 5(a) define the hori- 
zontal scale of the c1 cross section as drawn in Fig. 5 . The diagram of correc- 
4 tion forces is checked to ascertain if it is is balanced. _If it is not balanced, the 
"straight line must be e redrawn . The slope of the straight line i is the value of _ 
the reduced modulus of elasticity, E, = = = 11 ips per sq in. The desired 


“Theory of Elastic euniy.” ‘by 8. Timoshenko, MeGraw. Hill Book Co., Ine.. 
1936, p. 156. — 
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value of L/ri is defined byt the modified Euler for ritical as 


The foregoing examples were restricted to a cross section having 2 an axis of 
~ symmetry and subjected to an axial load and moment about an axis normal to — 
_ the axis of symmetry. The pictorial procedure may be extended toanunsym- __ 
metrical val cross s¢ section that i is Subjected to ana axial load and to moments about | a 
% the two principal axes of the section. It may be applied to certain ‘problems 
of torsion, residual strains, and to histories of loading other than those that have 
been considered herein. Studies a of the effects of nonuniform changes i in tem- | 
: ‘perature, of moisture content through the thickness of a long structural member, 
and of nonhomogeneity through the thickness of the member may also be aided — 
by the application of the procedure. 4 Many problems in the theory of elasticity, 4 
_ which include the effects of warping g of cross sections or of nonlinear | distribu- : 


” tions of strains across the sections, may be studied in a similar fashion. _ 
| 


If desired the procedure ) may be stated more e formally, and a numerical or 


algebraic Procedure be developed for similar cases. 


The ls of the pressure line is useful an saeons of an arch with loads 
al the plane of the arch? and for structures that are curved in space.® og The — 
f concept i is useful for p involving the inelastic deformations of of 


Dar 5 “Laterally Loaded Plane Structures and Structures Curved in Space,” by Frank Baron and James P. i. 
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 BRIBAR ON INELASTIC. = 


‘tt 
Joun A. Hrrpar,® J.M. ASCE.—A concept can be useful in 
- cstimating the effects of plasticity on the behavior of structural elements that — 
are subjected to flexural loads. The advantages are dependent on the pictorial — 
_ design procedure that is used. — If it is used to obtain a quick result, that result 
_ is only an estimate unless the user is experienced i in the method and hasakeen 
judgment in balancing statics pictorially. Although only an estimate may be 
- desired, f for aeenety several revisions should be made to obtain the b best fit. q 


which has an stress-strain curve and ¢ comprises most 
structural material, to be analyzed by these methods with the same ease? 
Co Could not the ultimate loa load on a structural element of any material and cross 
~ section be as easily and more accurately c computed by the theory o of plasticity? 7 
_ These questions are raised in order to emphasize that the theory of Plasticity . 
may be as rapid, more accurate, and less artificial in some cases. prave i ~ 4 
i The writer agrees that as the cross section or the stress-strain curve become — 
more unwieldy the method becomes more powerful. In addition, the by-— 
‘=a of the procedure are useful in a thorough analysis of a structure. : 


: The pressure- -line oa, also will speed up estimates on structural samen 
Frank Banon, ™™M. ASCE. —The pictorial procedure can be useful in 
taining quick estimates of the effects of plasticity on the behavior of orate ie 
_ elements that are subjected to axial and flexural loads. Mr. Hribar also in- 
 dicates that an estimate is frequently all that is desired i in studies of the inelastic 
behavior of structural frameworks. However, the degree of accuracy desired _ on 
can depend on the needs and demands of an analyst. , Such needs are not 
_ always the same, and they do not always warrant an “exact” solution to s 
problem, particularly in the various stages of a design. 
o Ss Mr. Hribar ‘States that the procedure results in an estimate only unless the 
; analyst i is experienced i in the method and uses - judgment i in balancing s statics PY 


pictorially. Little experience and almost no judgment are required to satisfy 
| the > requirements of statics. Iti is necessary | only to observe that the correction ; 
cs ; ‘diagram, as defined in the paper, vanishes or balances. _ The diagram is sbalanced _ 

_ when the positive areas equal the negative areas 2 and the centroid of the positive | _ 
areas coincides with that of the negative areas. This requirement i is 80 


§ that in most cases it can be judged by « eye. _ However, a numerical check can 


Several important attributes of the procedure should be emphasized. 


the theory of plasticity the requirements of statics, geometry, and properties of 4 
*, materials are immediately apparent when they are stated pictorially and i 
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a methods based on the theory of plasticity that are currently used on certain __ ae 
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Prof. of Civ. Eng., Univ. of California, Berkeley, Calif. j= 


BARON ON INELASTIC BENDING 


Every relationship can the thors of plasticity 


to the elementary theory of mechanics. 


are all cross sections of members simple enough to be formulated havens Bow 
‘However, if an algebraic formulation is desired for a given stress-strain curve | 
and a shape of cross section, the pressure-line concept ¢ can be used with the same _ 
ease as currently used methods of plasticity, at times even with greater ease. 
4 perabolic stress-strain curve and a simple 


1 — 
he 
— 
— 
— 
a bination of axial load and moment about a principal axis of the section can be b ; - 
determined by the pressure-line concept. When the properties of a parabola 
— same statements apply to the determination of ultimate loads. Mr. 
— 7 _ Hribar agrees that as the cross section or the stress-strain curve becomes more 
+ 
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— 
«C| 
— 
~ 4 
aq 
— 
— 


CAN, SOCIETY OF CIVIL ENGINEERS 


‘SOIL MODULUS. FOR. LATERALLY LOADED 
_MEMBERs, ASCE. . 


ita Discussion BY Messrs. F. Revss; a B. 
Davisson, VELLO HaNnsEN; RayMonp LUNDGREN; LymMonC. 
Regse; Evoens A. RIPPERGER; Hupson Matuoc; ANDO 
od ol? McCLEeLLAND AND Joun A. Focur, 
Using results from a lateral load test on a 24-in. pipe and’ 
tests on undisturbed clay samples, a tentative procedure for estimating the soil 
: 7 modulus of pile reaction is developed | for p problems involving transient loads. : 
The correlation that is derived is based on the similitude on logarithmic paper > 
of tang A stress-strain curves and soil reaction-deflection curves from the _ 


The of the n ‘moments, shears, and reactions of laterally 
loaded piles has received increased ‘attention in recent - years. There are two. 
distinct elements to this problem. The first i is the determination of soil stress- 
-— strain characteristics as they pertain to laterally loaded piles, and the second i is 


= 


puting the deflection curve and its accompanying moment and deflection dia- 


ES acteristics are known. Several mathematical procedures are available for com- 
grams, The most versatile of these is difference solution 
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— 
= 
4 
— 
3 — 
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— 
=. 
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— 
— 
b OTE.— , essentially as prin ere, In ober, in the Journal of the Soul Mechanics 
and Foundations Division, as Proceedings Paper 1081. Positions and titles given are those in effect when 4 
the paper or discussion was approved for publication in Transactions, 
Pres. MeClelland Engrs.,Inc., Houston, Tex, 
« *Chf. Design Engr., McClelland Engrs. Inc., Houston, Tex, 
_§“The Earth Pressure and Deflection Along the Embedded Lengths of Piles Subjected to Lateral 
“4 _ Thrust,” by L. A. Palmer and J. B. Thompson, Proceedings, 2d International Conference on Soil Mechanics ar ‘ _— = 


subsequently generalized by Sol M. Gleser,* M. ASCE, and extended 
by the authors.’ However, the correctness of the results obtained by this, or = 
any. other mathematical procedure, depends o1 on n the validity o of the 
strain relationship assigned to the soil for the purpose of analysis. 
If the pile deflection is labeled y and the depth below the soil ‘surface i is 
by: x, the e general differential equation of the the problem is 
| ‘The g pile n moment of inertia, I, and the modulus of elasticity, E, have the ,e usual 
- nits of inches‘ and pounds p per square inch, respectively, whereas the reaction 


the the soil on the pile, p, has units of 
pounds per inch. Eq. 1 (from 
2 tiie theory of beams) is modified for the 

present problem by writing the 


ok 


bel. av reaction and is by definition the ratio be- 


Ds i ok tween the soil reaction at any point and 


the pile deflection at that point. 
eae value of E, would be a constant only if 
the soil were a perfectly elastic material. 
flow However, it is known that E, usually i in- 
Fie. 1 —Test Le Location ald idoxy 10 creases with depth and at a given depth 

ey pro: heeomes smaller as the deflection in- 
creases. Previous investigators have made various assumptions as to the varia- 
‘a tion of E, with depth. They have assumed £, to be constant with depth,® to 
bea linear Sanction of of depth, % * and to be an function o of 


is constant at any given depth as a mathematical necessity, — 
Bh: In 1952 a lateral pile-load test was conducted for a major oil company by : 


Texas Agriculture and Mechanical Research Foundation at College Station.’ 
The results of this study permit the computation of actual values of E, through- 

: out the ‘significant depth range of the test pile, and over a wide range of pile 


deflections for short duration loads. — For the first time these data make pos- 


oy ‘ “Lateral Load Tests 0 on Vertical Fixed-H Head : and Free-Head Piles 
eal Publication 154, A.S.T.M., 1954, p. 75. 


§“Analysis of Laterally Loaded Piles Difference quation Solution,” A. Focht, Jr. 
Bramlette McClelland, Tezas Engineer, Vol. 25, Slat 
* Discussion by Y. L. L, Chang of “Lateral Load Tests,” by L. B. on Transactions, ASCE, Vol. 102, 
"Die Spundwand als Erddruckproblem,”’ by J. Rifaat, A. G. Gebr. Leeman & Co., Zirich, 1935. a 
_ *“Druckverteilung im Baugrunde,” by O. K. Froehlich, Julius Springer, Berlin, 1934, p. 89. . 
#“ An Investigation of Lateral Loads on a Test Pile,”’ Project 31, Texas Agri. & Mech. Research Foun-— 
4 dation, College Station, Texas, 1952. ; 
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paper to publicize ‘the results of the test to a 3 
_ whereby the soil modulus of pile reaction for transient loads can be — “= 


The pile te test was conducted at a site i in the e Gulf of Meso approximately _ Ge 
” tear miles from the Louisiana Coast, as shown in Fig. 1. . Water depth at 


the site is 33 ft, and the soils in the area are post-glacial deltaic deposits of the y o 
‘Mississippi River. ' The test pile was a 24-in.- 


eae pipe driven to a penetration of 75 ft 
below the ground line. As shown in Fig. 2, © 
the pile was driven at a point approximately 
8 ft from the leg of at an existing oil-well-drilling — ms 
structure. _A prefabricated pipe brace, which 
was just above the water line, Positioned ‘the Biting 
aj pile and provided restraint against horizontal 
movement of the pile at that point. Loads =§ 
_ were applied by a hydraulic jack, which was ai 
6 ft above | the ground line. 


min each and ranged to a maximum jack load” 


a 
of of 1 113 kips. Loads of the dynamic series were Joo 


applied for a a 5-sec duration and ranged to y 
maximum jack load of 97 kips. ElectricSR-4 = = 
strain gages were installed at twenty-two 
elevations on the pile for the measure 
of bending strain. Seven of the gage Larour 
stations were at 2-ft intervals between the jack da 
i position ¢ and a point 7 ft below the ground | line ; thirteen others were below these: p. 
stations at 5-ft intervals - extending to the bottom o of 1 the pile; and two. more> ew 
were between the jack and the pipe brace at the top. _ A more complete de-— a 
scription of the test apparatus is given in the report of the re ; 
Mechanical Research Foundation to the test sponsor? 


_ ‘The bending moment in the | pile at each 1 gage station See: by 
7 s multiplying the measured strain by a constant. 


For each applied load these 
computations yielded an 80-kip at diagram as 8 shown i in “ . 3(a) — This curve 


jack | by this method differed from 
4 actual observed load on the jack by as much as 12%. Proportionate adjust-— 


ment of the shear diagram was made to correct this difference. tf Graphical dif- 
4 ferentiation of the adjusted shear curve produced tl 
Shown i in Fig. 3(c). 


Beginning ¢ again with the moment cu curve, , double graphical 
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Moment, in 100 ft-kips Shear, in kips Reaction, in kips per ft Deflection, i in in. 


integration sroduced the pile deflection ¢ curve as shown in Fig. 3(d). 


actual design problem, it is the moment curve that will probably be of greatest 
interest. However, the deflection curve and the reaction curve are of major — Re 
‘significance i in this development because the soil modulus, Z,, at a given depth a 
is the ratio of values from these two curves at that depth. 
“8 Significant results of the test pile investigation with regard to this rind 


are summarized by the curves in Fig. 4. Each curve is a plot of the computed 

_ soil reaction versus the pile deflection at a given gage station or depth. The 
curves are similar i in form and significance to the familiar stress-strain curves 
obtained from laboratory shear tests. The curves have an evident family 


grouping, and they shift upward in a consistent manner as the ee is ins 
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creased. increase in n depth oe 


sad The soil Sana of pile reaction is defined « a8 | the ‘Slope of a line connecting oo 


>. origin of this plot (Fig. 4) to any point on any one of the curves. - Depend-— = ; 
ing on the depth ‘aiid the pile deflection, it is evident that the slope of such a ; 


line could vary from zero to »!most infinity. The wide range in the ratio of Pe 
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a z. for each load and each gage ginny computed from the —_ in Fig 


— 

4 

q Soils modulus, Z,, in kips persquare inch — 
3 reaction to deflection indicates the futility of assigr 
a given soil. Considering any individual curve ti 

value at a given depth is less than satisfactory 

= 
and are pi — 


connected i in this plot. ‘These curves show that for conditions the 


and is more significant. The observed curves become erratic 
the 12-ft depth where the defection approaches zero due to instrumental and 
computational errors. These variations are not considered significant. 
e shown prev riously,* n major. errors in the value of E, below the first point ‘of zero 
deflection do not appreciably affect the larger computed values of bending © 
‘moment and , which will occur the surface. 
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146 ft 50 1000 


BORIN PHYSICAL PROPERTIES 
the site and samples were subjected to a thorough As 

“indicated by the boring log in Fig. 6(a), a clay layer extends throughout the : 

_ depth of the test pile and continues to a a depth of 146 ‘ft below the ground line. 
‘The soil is part of a tremendous mass of clay, which is 3 less than 5 000 yr old x 
= was deposited by the Mississippi River in shallow marine waters. — The . f 

moisture content plot (Fig. 6(6)), which | includes plastic limit values and liquid a 
— limit values, shows that the deposit i is of uniform plasticity, with the natural 

_ water content decreasing slightly with depth. _ The activity ratio of this de- 
posit, the ratio of its plasticity index to its percentage of material finer than Bi 

— 0.002-mm grain size, is approxin imately 1. 0, indicating ¢ a clay of. medium activity < 

_ _ The shear strengths, which are plotted in Fig. 6(c), are values that were = 

from ‘unconfined compression t tests qounelideted, ~undrained, or 
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SOIL ‘MODULUS 


r the latter tests each specimen was first consolidated - ote 

lateral o3, which was equal to its computed 
a overburden pressure. — Then the specimen was tested at a strain rate of approxi- E 
4 mately 2% per min. Overburden pressure was computed as YZ, in which ¥ is" 

_ the effective unit weight of the soil. Both x groups of tests show a nearly linear 
: increase of strength with depth. A corollary to this trend is the general reduc- 

tion of the liquidity index as the depth i is increased. ea", any 

Results of remolded unconfined compression tests ‘(not shown) indicate an 
“average sensitivity ratio of 2.5 for the clay. Field vane tests at the pile test 
“site and two other nearby | sites revealed in- -place | shear strengths that compare 


closely with values determined from Q.-triaxial tests. This ‘comparison has 
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Dovater stress, ma, in pounds per square inch 


ath Strain €, in percentage ji goihivih 


6.7. —Srress-Strain Curve FOR Qe-TRIAXIAL Tests 

resulted in the conglusion that: the Q.-triaxial data adequately r 


i All the f foregoing characteristics are typical of soils found throughout a wide 


area of several hundred square miles off the southeastern Louisiana coast. 


strain, é. The number on each curve represents. the ‘confining she 
3, in per square inch and corresponds approximately to the overburden 
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esent in-place 
— ain AN Cxaminavion Of Stress-Strain Gata Irom all 
; q _ the shear strength tests revealed that only the Q.-triaxial data exhibited the __ q — 
same general characteristics indicated by the test pile data. Stress-strain data 
2 from triaxial tests are viven on a logarithmic nliot in 7 "he deviator or 
— 
it 


pressure, yz, in each cs case. ‘The rate. strain was controlled manually at. ap 
proximately 2% per min. __ Variations this intended rate probably 4 


. Despite these irregularities, cach ; 


parallelism between the curves, the four lowers pressures. 
curves shift upward with increasing pressure, indicating an increase of soil — 
_ stiffness with depth, as was contort previously from the results of the pile test. a 


order that the may be. compared with the test pile 
both sets of data must be expressed in a similar and dimensionally consistent. 

“manner. The test pile results presented in Fig. are values of soil reaction 
‘au per linear inch and are _— Ha values of pile deflection in in inches. 
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‘Strain, €p, in percentage 

8. Curves ror Test Pitre Data 


‘ “A The test pile s soil reaction, p, may be converted to field soil stress in pounds pe 

_ square inch by dividing it by the pile diameter, b, in inches. Similarly, t 
pile deflection, y, may be converted to , dimensionless strain if divided by a 
satisfactory —r or fraction of the pile diameter i in inches. ree rat bei 


converted to prone and strain units. For this purpose, the pile ra 


r, was selected as the divisor for converting pile deflection to field soil strain. 
4 The pile radius was selected so that field failure strains for the more important 
5 depths in Fig. 8 would be comparable numerically to the laboratory failure 


strains in Fig. 7. By definition for this study, the field soil strainis = 


7 is immediately recognizable. Both groups ex 
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SOIL MODULUS 
strain function rather than a pile property. - Therefore, ‘it is. reasonable to 
assume that the numerical differences between these two groups of. curves 
2% result from two causes: First, the dimensional difference i in the soil masses that 


of loading. It can be assu 
essary to transpose a laboratory curve to make it to a 


' a curve are independent of the soil characteristics. Such transposition factors — 
- would therefore constitute a correlation between laboratory and field conditions. pee el 
= If determinable these factors should be equally applicable to triaxial data and a Sea 
to vertical cylindrical piles at other sites as well well as at the test pile site. % ininy 


individual pile curves and laboratory 
curves cannot be made because the 
depths of the laboratory test speci- 
mens do not match the depths of the 3 
polation i is necessary to obtain a curve 
from each source so that both | repre-_ 
sent the same depth. In order to 
cepts at 1% strain of the curves in Fig. a 12 
8 and the similar laboratory plot in 
_ Fig. 7 are replotted versus effective = 
overburden pressure (oF confining 
pressure) | in Fig. 9. The horizontal 
4 scale i in Fig. 9i is the ‘confining pressure 
in the laboratory or overburden p pres- 4/° 
"sure in the field and may be inter- : 
preted as a depth scale bits The v ertical br 
axis is the intensity of soil stress in the 0 


field or in the laboratory that i 18 re- (yx or G;),in per square inch 


static pile-load tests and the cloeed od 


_ circles represent data from the dynamic-load tests. — The upper line ae 


a 
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oil str ss, (p/t 


a conservative interpretation of the pile. data. The slope of this line is 5.5 times 


ws 


greater than the slope of f the lower line, which i ts drawn through the laboratory, _ i 


rice» 


relationships for both field and under a vertical soil pres- 


_ _ sure or confining soil pressure of 2 lb per sq in., corresponding | to a depth of j 
7 ft. The stress intercept at. 1% strain for each curve was 
determined from Fig. 9. _ The slope of the Q,-curve or laboratory curve is 0. 61, rn a 
; ; which i is the average slope of the four lowest curves in Fig. Zz _ The slope of fthe 
field curve is 0.59, which is the average slope of the atatic-load pile curves 
ad FM, 8. 8. Because the two sl slopes are almost equal, it i may be a assumed that the ‘i 
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stress, 


Thus, ate = €,ando;= yz, 


the cohesive shear “strength, or the bearing 
~pacity of a shallow strip on the same soil. “comparison of the 


4 baw maximum pressure indicated 
in Fig. 8 by the gage at a 7-ft_ 
depth and the shear strength 
ae that depth in Fig. substan- 
rs lower ratios are indicated at 
 lesserdepths, 
soil modulus at depth 


z is established | by | combining 
Eqs. 2, 3, and 4, which 


The significance of Eq. is 
that the soil modulus a 
depth z is about eleven times’ 
the secant modulus from a alab- 
in percentage oratory Q.-test on a sample 
1» from that depth, which is con- 


secant soil on n the extent of 


increase of soil stiffness with an 
in exhibited by the data in Fig. 9, should be expected only in 
uniform clay deposits that are more or less normally consolidated. _ Such an a 
increase is ‘not a necessary condition for the application of the foregoing corre- 
“lation ‘between field and laboratory data. mh The stiffness of stratified deposits — 
“and the stiffness of deposits that exhibit varying degrees of overconsolidation — 
will certainly not be proportional to depth. However, the correlation coeffi- eZ 
cient just derived should still apply to Q,-triaxial data from such deposits if the i 
application i is made only at actual sample depths. 
= Other curves can be drawn through the data in Fig. 9, which will yield | 
: - other correlation coefficients. The coefficient that was derived is simple and — 


data 


— a constant relationship to the Q. 
— on the pile, onfining pressures. The 
— | 
— 
14 
— 
— q 
a 
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Tovations in the Gulf of Mexico have also shown similar curve groupings. 
4 _. The carefully performed triaxial tests on sand by Liang-Sheng Chen” show 
_ relationships of stress-strain and stress- confining pressure that are similar i in 
- form to the triaxial data presented in Figs. 7 and 9. The similarity indicates 
that perhaps a correlation of the type that was ‘titel herein can be deter- 
mined for laterally loaded piles i in sand. _ However, no information i is available 
‘(as of 1956) as to whether the same numerical coefficient that was derived for 
clay soils will be applicable to cohesionless materials. DONE 


tad General Procedure. —The correlation coefficient that has been derived does _ 


no not permit. direct determination of the soil modulus of pile reaction at a aspecific 7 
: depth in a given soil condition. _The coefficient provides only a means by which — 
triaxial ; stress-strain data, which are applicable to a given soil depth, can be — is 
converted to pile stress-strain data at that depth. The soil modulus at a given 
- depth will vary with deflection. Because the deflection of a laterally oor oa 
pile at any particular depth is a function of the applied load, the manner of 
load application, and the pile stiffness, the soil modulus is also a function = 
these variables. Therefore, the correct soil modulus for a given set of condi- | 
__ tions can be be determined only by successive approximations of the pile deflection 
curve after the stress-strain characteristics of each soil stratum have been de- 


problem « ofa laterally | loaded can be analysed by the 


Retin Estimate the: pile curve, as in Fig. 


: - 2 For several selected points above the estimated point of zero deflection, 
_ 3. For the same selected depths, plot logarithmic stress-strain curves from 7 
_ laboratory Q.-tests (performed at | lateral pressures equal to the vertical soil yr = 
pressures determined in step 2), asin Fig-11(0), 
ory © Determine laboratory stresses for values of strain e, equal tc to the field soil 


& 


vole Convert each value of laboratory stress to field soil stress, p/b, by Eq. ae 


6. _ The soil reaction, p, at at each point may ’ be computed in pounds per linear 
7. Divide each soil reaction by the corresponding assumed pile deflection, 
ig following Eq. 2, to obtain the estimates of E, at the selected depths and vat 
va the estimates versus depth as in Fig. 11(c). (Eq. 5 may be used directly i in- 
stead of following steps 5, 6, and 7 to secure estimates of E, at each depth. “a 


“An kovestion ation of Stress-Strain Characteristics of Cohesionless Soils by Triaxial Compression 
by Liang-Sheng Chen, Proceedings, 2d International Conference on§ Soil Mechanics and 


Eng., Rotterdam, 1948, Vol. 5, p.35. 


tures showed the same type of curves and grouping of curves as plotted in Fig, 
The average slope of these other stress-strain curves on logarithmic plots 
is approximately equal to the average slope of the four lower pressure curves 
— 
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SOIL MODULUS 
8. “Make a conservative simplification of the -versus-depth relationship, 
in Fig. 11(c), for use in a difference > equation computation. 


Compute the pile deflection curve by the difference equation 


recompute E, as in steps 1 through 7; and compare these values with those used — 
in the difference equation computation. lo Tin hed? nf anotiaool 


10. If necessary, ‘assume a new E, ,-versus-depth relationship and repeat 
ul From the final deflection curve, compute pile bending moments, shears, 


> 
___. If desirable, after experience with the procedure is gained, steps 1 through — ei 


a: om be omitted for the first approximation by immediately estimating a 4 


curve of E, versus x. as normally ¢ consolidated soils, it has proved convenient a d 
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ASSUMED PLE TRIAXIAL STRESS- 


(c) SOIL 
CURVE STRAIN CURVES batyal als DEPTH 


an 


-values from the assumed deflection curve are lower than, but close 
that were . computed i in step 9, the first computed deflection curve can be con- 


penetration of 75 ft in an eet of soils similar to those at the test pile site. — The 
pile h has a moment of inertia of 6,223 in.‘, it is to be fixed against rotation at the 
ground line, and it is to carry & transient horizontal load of 100 kips. It is 
desired to determine the pile bending moments and deflections, = 8 = 
4 Pollo this s problem, the deflection was first assumed, as shown i in 4 
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origin. Because A. 
assume the slope, &, of an t minor changes in the soil modulus have 
limited effect on the computed moment and deflecti 
— 1€ Dending moment, 
seq in determining sent . es - 
tion diagrams as desired. lation can be illustrated 
—tThe application of the correlation 
[lustrative Example. — p 
— 
| 


, was computed esing triaxial-test data in 
Figs. 9 and 10. _ This curve shows E, increasing rapidly in the vicinity of the ie 
 -20-ft depth. . .. This is the depth where the assumed pile deflection approaches — Et 
.3 zero. A conservative simplification of this. curve is a straight line, which is 
drawn tangent to the upper “- of the soil modulus curve 1 and which was 
vi used for the first computation. In a difference equation analysis, the pile was ee 
Hg divided into 30 equal length increments to obtain deflection curve No. 2 in Fig. q 
= 12(a), which is labeled “first trial”. Curve 2 differs considerably from the by 
= assumed curve. The E, -values determined from this computed curve -— 
2a shown as curve 2 in Fig. 12(b). { Although the lower part of the curve si 7 
greater values than thoes of curve 1, the upper of the curve falls below 


equation analysis was made. The analysis yiekled the deflection curve 
labeled ‘ | trial,’’ and it differs only | slightly from the first computation. 


From second trial 


d 3, second trial 


Bi od of vidsdorg aizod dt he 


= a's 


in in, in Kips p per s ‘sq in, ‘Bending moment, inft-kips 


Fre. —ILLUSTRATIVE EXAMPLE oF APPLICATION oF ORRELATION i 


‘the 8) that the last deflection curve ‘may be considered 
a conservative solution of the problem. T2002 DOSROTIOE 
bending-moment corresponding to the two computed deflection 


solution. In this the first computed deflection curve produced bend- 
ing-moment values that are, for practical purposes, of sufficiently high accuracy. 
This will often be the case, and, with experience, many solutions may be de- 
rived using the first computed deflection curve. of 


od Limitations to the and to the correla 
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loads were applied from only one producing: maximum 
_ that were no greater than 4% of the pile diameter. he _ The laboratory Q.-triaxial 
tests were consolidated at computed overburden pressure and were loaded at a a 
‘strain rate of approximately 2% per min. The pile deflections and reactions 
were computed from SR-4 strain-gage date. OF 
eae is reasonable to expect that the general concept of the correlation and 
‘a the method that is proposed for its application can be adapted to situations: 
other than those described in the preceding paragraphs. However, the nu- | 
merical value of the coefficient would probably be different in some of the other 
situations. Thus, different coefficients may be found applicable to piles in 


sand or to piles that are not cylindrical. Pile loads that reverse or that are 
Te 


repeated many times may produce greater deflections than the present data 
would indicate. Triaxial tests performed at different rates of strain would — 
definition of field soil strain, asa constant function deflection and 


in the computations to allow for this fact. fess 
‘The type of correlation that has been developed should not be 5 abated to 
be valid for permanent or sustained lateral pile loads. Under loads of long 
duration, consolidation of the soil ‘will occur in addition to the initial elastic 
deformation. If a correlation between field tests and laboratory tests is de- | 
veloped, the laboratory tests will probably have to be the 2 type in which con- — 


Concuusioss 


The general conclusions developed by this can be summarized as 


test pil has» provided the first for, study of the 


4 3. In the normally consolidated olay, deposit existing at the test site, ea 


> 


e~ However, the rate of increase became smaller as the load increased. _ ll ase 
Logarithmic s stress-strain plots of Q.-triaxial data exhibit a family group- 
ing similar to that of field stress-strain: data in which strain is defined as a 


gh For the condition of the pile test, the similitude of pile stress-strain data x 
—_ and laboratory stress-strain data can ‘be expressed by y a single dimensionless — 


coefficient, asgiveninEqg.4. la? to the pile The 
Pong Utilizing the tentative correlation coefficient and suitable Q.-triaxial 
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determined readily b ¥ 

analysis. 


Ss accuracy of the proposed correlation for clay soils. _ Further = ne 


Although the test pile. laboratory data on which this study was 
i teeg based have limitations, the tentative correlation in its present stage of develop- 
af ‘ment permits a more direct and rational approach to lateral pile problems aa. 


has been possible previously. The proposed procedure for the application of 


should continue to prove useful and effective with improved correlations or 
correlations for other conditions. 
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-REUSS ON SOIL MODULUS 


; E.—The data and analyses that a are presented 
: —e are a& significant eontsivation to the evaluation of lateral stability of piles in 
clayey soils. method | of correlation, based on the equality of strains, 
defines a , possible procedure for the future correlation of field and laboratory 
; Xe ell The authors outline | the field-test procedure and indicate that graphical dif- . 
erentiation and integration were used to obtain the soil-reaction-and-deflection ~ 
‘3 Because these values form the basis of subsequent ‘it 


so The soil modulus curves shown in Fig. 5 indicate a decrease i in soil modulus “ 

with increasing z strain or lateral loa ad, or both. decrease i in the ratio of 
5 soil pressure to deflection indicates that nonlinear stress deformation occurred — 


ae - for the Phen loads of 20 kips and 40 kips in Fig. 5 suggests that a linear re- = | 


See lationship between 1 soil § stress and deformation m may have occurred at each gage 
mE. depth for these loads. The reaction-deflection curves shown in Fig. 4 also in- on 
een dicate that stress deformation was nearly linear for small deflections and that 


i ie the failure of the ‘Shallow soils occurred for increasing values of lateral load 
possible occurrence of linear soil deformation and nonlinear soil deforma- 

Br tion suggests that the limiting strain for linear deformation may be significant _ 
aa in the evaluation of lateral resistance a and may also provide : a design procedure 


“were limited to values within the linear range of deBirenation, permanent soil 
ok ‘deformation and progressive failure of the soil would be prevented foi for repetitive a 


_ The authors indicate that the sensitivity. ratio, which is based on unconfined 


that the Q,-triaxial test ‘tiles represents the strength value, 
«although it is believed that this conclusion should be qualified to apply to. 
Qe-values that were determined for specimens consolidated at effective 
a pressure, and (b) test specimens that do not experience an appre- 

ae volume decrease during consolidation at effective overburden pressure 
2 If the Q.-strength value is assumed to be representative of the in-place soil e 
+ Bp ee 5 the true sensitivity ratio of the soil based on maximum and minimum 
uy ee strengths will be on the order of seven or eight. Therefore, the soil that i is 
ie adjacent to the test pile must be described as a sensitive OO OES) 
et The procedure outlined for the analysis of lateral stability recommends that 
* Sens design be based on a the ultimate soil resistance corresponding to the esti- 
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luli. 


However, 


test 


_ resistance or soil modulus occurs at increasing depths below the ground line as" a am 
the values of applied load are increased. pa The equivalent increase i in the height a >. 
of the load application results in a proportionate increase in the maximum de- | 
The evaluation of lateral capacity, as in the paper, must be 7 
- made with caution because the design in its present form does not provide for 
a direct application of a factor of safety to the soil resistance. It is suggested 
; 4 that such a factor be applied in design problems by increasing ng the e estimated 
4 maximum lateral loading because the moments and deflections are influenced - 
to a nearly proportionate oes by changes in the magnitude of la lateral | load. b. 
ra! Increasing the design lateral ] loading will result in the selection of a ‘a pile section 
with sufficient stiffness to permit some _Variation in estimated 
7 lateral- -loading conditions, 


. La ‘the soil-failure strains at the ground line to assure that progressive tare 


an ‘equivalent increase height of the | load applicatior 


The methods of analyses described in the paper permit a 
- pvaluation of lateral pile capacity in clays than ' was possible in the past. How- | 
ever, the correlation and method of analyses are tentative, and consideration — 
must be given to all factors will influence lateral soil ina 
MEMBERS, ASCE .—The computed values of the soil modulus, E., are 
shown in Fig. 5 as a function of depth. For a given load the values of E, in- 
crease almost linearly with the depth for a few feet below the ground line, : 
whereupon they decrease, in some instances to zero, at depthe of from 13 ft 7 


It is not reasonable to assume that E, should be zero, except possibly within 
8 - short distance below the ground line, because even in extremely soft soil 
there will be some resistance against deflection. The authors recognize » this” 
a: because they refer to trends within the “significant” depth, but it is not * 
clear why only the data within approximately the upper 10 ft should, be signifi- - ‘ 
for a pile with an embedded length of 75 ft. ob 
a The writers have had access to the original data and have considered it i 
desirable to study the possible reasons for this CinCRSPADOT Detailed com 


Prof, of Foundation Eng., Univ. of Illinois, Urbana, 
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vs 


— 
actual laveral nec nS OF load Excess Of Computer nauce 
a a a failure and strength loss in the soils in the vicinity of the ground line, and may 7 = 
result in an equivalent increase in the height of the load application wi 
Yor fl ‘ spect to the assumed point of application. This condition occurred in th * a = 
— 
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e made for the loading case for which the was q 
to 93.3 kips. This case was chosen because the date seemed more consistent — 

a As a first step the » values | of E, at various depths were computed by the a ; 
x conventional procedures of double differentiation and double integration of the 
_ moment curve, which was derived directly from the strain measurements. 
4 The results were in substantial agreement with those obtained by the authors, 
including a reduction in the value of Z, to a small value, although not zero, 
at a depth of 32 ft. Second, it was decided to determine whether & more 

ble relationship of E, with depth could be assumed. The desired re- 

lationship would be one leading to values of moment that would not differ = 


more than a reasonable allowance for experimental error from the values de- - a 


| 


4 


Assumed soil ‘modulus, E,, jin kips per sq in. in 100 ft- kips pit 
rays Sratic Loap or 93.3 Kies 
termined from strain readings. That is, it was “considered desirable 
P learn whether the peculiarities in the values of E, might be the result of a high 


Sensitivity of the computed values to small variations in the measured — 


mes ‘ 


we the measured strains because the process of double integration does not involve © a 

‘i large errors. Therefore, the strain readings were used to compute the curve of ig 

- deflection corresponding to the load of 93.3 kips. The curve of soil reaction as — 
a function of f the « depth involves the inaccurate procedure 0 of double differentia- 
; oe tion. Hence, a relationship between E, and the depth was assumed. The soil 
reactions were determined by multiplying values of E, by the corresponding — 
of defection, whereupon thi the moment curve was computed by the 
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process of double integration. The computed moment curve 


discrepancies existed between the curves and if such discrepancies were 
within the limits of experimental error. an 
Three « of the | assumed Variations | of E, are shown in Fig. 13(a). The cor- ia 


that were determined directly from the ‘stain readings popes 
ment exists in ‘in the t upper 10 ft or 
7 below the ground line, but i 
portant discrepancies appear 
2 this level. Some indication of the 
possible error in the ‘measured 1 
ment can be obtained by comparing 
the strain-gage readings on the front 
‘side and the back side of the pile ata 
given depth. These readings ? 
be equal but of opposite sign. The 
numerical difference in the readings 
indicates the order of magnitude of % = g 
the error in the moment, which was < 30}— 
determined on the basis of the aver- 
age of the two gage readings. As 
indicated in | Fig. 14, this 4 


- 


. for the difference between the com- ad te 
7 puted moment curves and the ob ae 
served moment curves. Therefore, 
: itis necessary toaccept theauthors’ 
interpretation of the data, including ur 
values of E, approximately equalto = 60 
zero, or to seek other causes of the 
‘Two causes may be of consider- 70 
rather unusual sequence of applica 


tions of the load, and the second Comanison or Srratn-Gace 


READINGS FOR A PILE 
the lack of a positive check on the 93.3 
first item is not apparent in the paper biciauines jestiddlitiabisd by a study of the id 
: " original data. The he strain gages were at twenty- -two different levels. However, 
not enough oscillograph channels were available to permit simultaneous rea ding 
; of all the gages. _ The experimenters had the choice of applying a given load and 4 
of successively reading the various groups of Sages, or reading all the gages i in one 
group while the load was set. successively at various values and then reading 
another group of gages while the cycles of load were repeated. It was more ex- 
pedient to vary the jack load than to switch from one set of gages to another. — 


Therefore, the second alternative 1 was chosen. Consequently, the e data for the 
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a each g group of gages was connected to the oscillograph, the load was maintained 

~ successively at four different values for the 10 min assigned to a static test. 

- In addition, in some instances several dynamic-test measurements were also i Oe 

made with the same connections. © Then the connections were changed to an- 

other set of gages, and the various loads were applied again in succession. 
_ Thus, three or four sets of loadings were required before a complete -perien al Pi 
strain readings was available for any single value of jack load. 
ae le The moment curve derived from the readings does not represent one single — 
a a curve, but is a composite of parts of several curves 6 corresponding to 

4 different loading histories. im 

moments does not represent the deflection of the pile a at any actual time. Be 


cause there i is reason to believe that E£, changes with nepetttion, of loading, this _ 


‘The second source of large ; potential er error is the magnitude of the deflec- . 
tion itself. _ The authors’ studies and all the preceding comments are based oul : 


+— deflection 


test data 


_— Rotated deflection | dell F 
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Fie. 15.—Tue EFFECT ON THE MopuLus oF 
we) vas Deriection Cuavs lo 


this that the deflections computed from the moments are approx- 
_ imately correct. However, at no point in the pile is the deflection independ- — 
ently known. At translation or rotation of the pile without bending would result 
in in soil reactions that were not considered in the analysis. ad The extent to which 
_ any such bodily movement occurred cannot be determined. An independent _ 
_ check of deflection would be invaluable in ascertaining the accuracy of the re- : 
* sults of the computed deflections. - According to the theory, because E, should # 
_ not equal zero at any depth, the soil reaction cannot be zero unless the deflec- _ 
tion is zero. Hence, the curves of soil reaction and deflection, both of which ; 
are derived from the mes ure strains, should cross their respective zero axes 


‘@ at the same depths. _ The curves fail to do so; afar ont reason there i is either a 


— dings. Each set 
d Of 93.3 Kips consist 57, of the gages on the 
tic loa ly 2 
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18 & POssidle I sction curve fo ero de- 
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a = obtained t toa depth as great as as 32 ft below t the ground line. This interpreta- : 
tie tion is at least as satisfactory as the data presented in Fig. 5. i The values of = 
, E, between 22 ft and 32 ft may be erratic because of the relatively large ratio __ 


instrument error to deflection i in range. wie these depths the varia~ 


Fig. . 1E(b) have the authors’ units of kips per inch of pile length. per inch of © 

“that the value of E, must decrease markedly with i increasing deflection. ie The 
_ _* may even become zero in the upper few feet if the soil is pushed perma-_ 
nently away from the pile by repeated loading. The influence of the deflection 
7? on E, cannot be ignored, and any theory | based on the assumption that EZ, is ‘) 

independent of deflection is likely to be erroneous. 
‘Finally, it may be noted that the stress-strain properties of a given sample — 
of soil may be strongly influenced by the size of the samples, the degree ‘of , 
disturbance, the manner in which the lateral pressures are allowed 

to. vary as the deviator stress is applied, and the time of strain. ‘Hence, 
for these reasons as well as the reasons that were indicated previously, the 
z authors’ correlation of test pile data and triaxia) data and its application to .* 


LUNDGREN, A.M. ASCE—The authors are aware of present- 
construction problems procedures. They are also familiar with 
modern ‘concepts concerning the soil modulus of pile reaction, Bie 
The relationship that is developed i in the paper depends on graphical dif. 
- ferentiation and integration of a moment diagram that was developed from a 
strain-gage readings. The correctness of the reaction and deflection diagrams, 
as shown in Fig. 3, will not be considered herein. 2s 
croft authors believe that the value of E, is not nieeiee for variable loads 


oved 


any depth, which they har ve yy their research . The 


cient of reaction for which Karl ‘Hon. _M. ASCE 


i increasing values of the intensity of the load, which is a real case.  Terzaghi’s 
point of view is basically the same as that of the authors. 


Fig. 4 indicates that as the applied lateral load is increased, the reaction, — 
_—p, of the soil first increases, reaches a maximum, and then decreases. i The de- — a s 


flection increases simultaneously. decrease in reaction, p, only occurred 
; a close to wer ground line at depths below 5 ft. At greater depths the maximum 


because the application ‘of the loads the shearing shallow depths 
_ was overcome. The failure in this case consisted of.a rapid decrease of he 


Partner, Woodward-Clyde-Sherard & Associates, Oakland, Calif, 
“Soil Mechanics in Engineering " by Kar! Terzaghi and Ralph B. Peek, John Wiley « Sons, 


sane New York, N. Y., 1948, pp. 214-215 
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‘should have ‘offered. some resistance. The magnitude of the resistance 
not be less than the remolded shearing strength of the material, or approxi- 


vi mately the undisturbed shearing strength. Therefore, when the 100-kip load 


: not equal to zero, ‘as shown in Fig. 4 vats 
Under the heading, “ ‘Description of Test Pile,” the 
‘were : applied in incremante i in two series—a static series and a dynamic series.” 
q Apparently there was only one of each. Fig. 5 indicates that there were five . 
4 horizontal loads i in the static series, namely 20 kips, 40 kips, 60 kips, 80 kips, 
% and 100 kips. The 100-kip load apparently was not applied for the dynamic — 
c ‘series. ne the actual project, for which this test probably was performed, 
_ there undoubtedly were thousands of applications of transient loads. _ This 
« leads to a consideration of the possibility that the repeated applications would 
r gradually change the physical nature of the soil and, hence, also change the 


ar, E,-values. The writer admits that transient loads would not produce a squeez-— 
* ing out of moisture from the soil but might produce a gradual change in the 
« ‘ 


ct, 


strength of the soil, thereby influencing the E,-values. The increase in strength 
ys of a soil without a change in water content is a possibility, as laboratory ob- 


curve is replaced + a straight line termed “field” in Fig. - the same ‘ 

figure the laboratory d deviator stress, Ga, is plotted against the confining 4 
rt _ ratio of the slopes of the two straight lines in Fig. 9 is approximately 5. 5. nal 
these curves it was concluded that the soil modulus at a given depth is about 
~~ ton times the secant modulus from the laboratory Q.-test on a sample of clay 
from that depth. . Using a strain value other than 1% probably would yield 
- different results. . The writer believes that the research data ‘described i in the . 
paper refer to the type of pile and methods of load application that were used, 

and their generalized application to other cases should be approached with 

— caution. _ The writer also believes that the stiffness of the pile would have a 
considerable effect on the lateral load-deflection characteristics. 


_ Whereas there are no major objections to the of the 


7 piles having: different stiffnesses . Modern laboratory apparatus ger be oe 
the study of repetitional loads in soil.” oh 
“Fig. 6 shows that the Q.-triaxial tests indicate greater r shear strengths? than 
_ ‘the unconfined compression tests at equal depths. If the clay is normally con- 
_ _ solidated and the triaxial specimens ens are consolidated under their natural over- 


Clarence K. Carl L. Proceedings, Highway Research Board, National Research 


a “Effects of Repeated Loadings on the Strength and Deformation of Compacted Clay, by H. B. 
D. C., Vol. 34, 1955 


was applied the soll reaction at a depth O1 It should have had a dennite value | 4 
4 % 
* 
“es 7 oratory triaxial-test results on the same material. ‘The final diagram is pre- 3 Li > 
a : _ sented in Fig. 9, in which the pressure, p, exerted by the pile on the soil per unit 7 
aa _ of width of the pile, b (p/b), is plotted against the weight of the overburden, —__ 
— 
— 
— 
— 
— 
— 
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= 


pressures, the Qe indicate approximately. the same : shear 
strengths as the unconfined compression test. Because the field vane test 
= in-place shear strengths that compare closely with values that were a 
determined from Q,-triaxial tests, it is probable that the discrepancy i is due to a. 
sample disturbance of the unconfined compression specimens. The shear > 
= as determined by the unconfined compression test or the field vane a 


wd problem in soil mechanics involving ‘the interaction between soils and struc- a 
a tures, and they have applied intelligence and imagination to obtain the tentative - 
for estimating the soil of ‘pile ret, Y 


Pile > 
Posit f pile A 


|, writ 


sie 


q 
4 


duit 


can be to only one part of the problem—that i is, 
y the determination of the ultimate resistance of the soil against the pile. sth 
one assumes that a pile with a square cross section is moved through ‘voit il 


clay at some distance below the ground surface so that there is only horizontal — 


flow of the soil at failure, it is possible to make a rational determination of the ; 7 
approximate ultimate resistance that the soil will exert against the pile. Fig. Ls 
16(a) shows a vertical section through the pile, , and Fig.  16(6) st shows the blocks — P| 
of soil that are assumed to be displaced horizontally when the pile is deflected. 
_ It is assumed that the stress, o;, on the side of block E next to the pile is equal to 7 
a, . Assuming a soil strength defined by the expression, s=c, the magnitude a 
: of the stress, o2, will be 2c. _ By a similar analysis the stress, o3, is 4c. If, in 
en relative to the pile and the adjacent soil, block C is ane to develop h 
full resistance each of « will be be 
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the 
free body of the pile section, it « can be seen that the ultimate e soil resistanc 

against the pile where horizontal flow of the soil occurs is ati 

_ It is possible to make a rational determination of the : approximate ultimate 
~ resistance that saturated clay will exert against a pile near the ground surface | 
if one assumes that a wedge of 
soil is moved up and out by the 


of such a wedge. The forces: 

exist on the wedge are de- , 

fined as follows: F; is the body 

force; is the shear force on 

plane ABFE, and Fis the nor- 

aN ‘ force on that plane; F; is 
shear force on plane ‘ACE; 
is the shear force on 
BDF; and Fs is the shear force 
plane CDFE, and F,; is 
l the normal force on that plane. a 


There are also normal forces” 


_ BDF, but they are assumed to 
‘bee no effect on this problem. 
The wedge is assumed to move 
along: plane A _ABFE, 


As Free Bopy is assumed that the full 
be developed on planes ACE, BDF, and AREY, and that only a part of the shear - 


the 


| Brae the forces in the vertical direction yields 


acting on planes ACE and 


“REE 
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“Summing the in the horizontal direction resulta i in 


by + “kebh eo + 2ebh + cit sec 8. (12) 


‘The soil resistance poser the pile can be obtained by taking t the derivative 

of F; and dividing this derivative re by b. Thus, tor ack How 

silt y al ia wd “odd bay ote 
ivh od kecoté + 2ccot ith (14) 


‘If the value of @ is assumed to be 45° and that of k is assumed to be : zero, then 


od eqidea vidal b 


4 


of 12 was by for a 


square pile at some distance below the ground surface, compares favorably 


with the value o of c that was ol obtained b the authors. 
However, the authors’ method does not consider the fact that the ‘soil 
resistance near the ground surface can be as small as 2c. This means that 


errors could occur, especially if the top few feet of soil were to > consist « of stiff 


- clay. - Eq. 8 shows that the value of the ultimate soil resistance will reach the _ 
value of 12 ¢ at approximately three pile diameters beneath the ground surface, : 
_ and some thought should be given to modifying the method to deal with this r : 


_ The approximate » values of ulijinnte soil resistance that were computed by 
‘the rational | analysis cited previously may be of only academic interest, how- 
ever, ‘because there is no assurance that the pile can be deflected st ufficiently to P 


produce the ultimate resistance. fo tT - 


_ The nature of the soil near the ground surface i is. of great importance to the © 
Bie ofa laterally loaded pile. The writer has used the proposed method — 
and the stress-strain curves in Fig. 6 to compute the soil modulus for a pile which — 
—hasa length o of 74 ft and a moment of inertia of 4,720 in. It was found that 
the computed soil modulus was entirely dependent on the soil i in the top 15 ft. 
In this | depth Fig. 7 shows five stress-strain curves, two of which are for the same 
depth. ~The scatter | in the values of the soil modulus determined from the 


five curves. was great, but the authors have indicated® that doubling 


magnitude of the soil modulus would change the magnitude of the maximum 
computed moment by approximately 15%. Because the soil within a few 
feet of the ground surface is is so important in using the proposed method, soil E 
explorations for r the design ‘of laterally loaded structures should be especially — 
thorough in ‘the top several feet of soil. - Multiple borings should be made, q 


a and the soil should be sampled continuously i in that zone. . The samp ling i is 
sometimes difficult when exploring soft, - underconsolidated clay such as that 


- near the mouth of the Mississippi River. 5 It isfpossible that the vane shear test 7 
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on limited data. The authors term their method “tentative,” and suggest 
additional instrumented ‘pile tests to confirm its validity. 
an The solution of this problem is important with regard to the design . of 
ca many pile-supported structures. At the present time, probably the most . 
ix important of these structures (from the economie standpoint) are the platforms — 
that are being 1g erected in the of Mexico by the oil industry. Several 
es - dozens of the platforms have been erected, some costing more than $1,000,000, 
foal and others are contemplated for the future. Of all the problems that are 


encountered in the design of offshore structures, the behavior of 


to perform an ‘instrumented pile test in with = 
construction of every major platform until relationships can be chisined a, 


between soil properties and pile behavior that these structures 
be designed with reasonable assurance. 


It is possible that data are available that will help to verify or modify the — 
Ae tentative method that i is proposed herein. It should be emphasized that it is 


not necessary to have data from an instrumented pile in order to gain insight — 
into the problem. — _ For example, if one assumes that the soil modulus takes — 
‘the form, E = ka, z, can compute values from which soil resistance pile 
deflection curves can be plotted for various depths if the investigators = 
measure the deflection and rotation of the pile head for several loadings as a 
function o of the applied load and "moment. These ‘comp! uted soil resistance 
deflection curves could be compared with soil stress-strain curves. This pro- — 
_ cedure could be conducted without difficulty by using the nondimensional mt 


w were dev veloped b by Hudson Matlock, A. ASCE, and the writer.” 


p _ EvGENne A. RIPPERGER *_The soil modulus of pile reaction, as defined by 


; “the authors, is is an important concept in the computations for a laterally loaded 
4 pile, and, as such, ‘its basic validity should be examined critically. One might 
appropriately ask if there really is such a factor as a soil modulus, and , if so, is it 
- uniquely defined for a given soil? Tf the preceding questions: can | be answered — 


in the affirmative, there i is ‘justification for trying to find a method for beri 


answer isin the negative, some other approach is sie sought to the problem 3 


of designing piles for lateral loads. 


Obviously, a modulus of some sort exists. The authors have presented 
plot of reaction versus deflection, and by « definition a secant of one of the e 
- load deflection curves is a modulus. — ‘The authors imply that for a perfectly 

ea soil the modulus for a given vile and a given soil would be single valued, 
: a: for an inelastic soil there would be an | infinite number of moduli. The defi- 


“nition in the case of an inelastic soil is made somewhat more significant by con- \ 


| aay OM Non- Dimensional Solutions for Laterally Loaded Piles with Soil Modulus Assumed Proportional _ 
to Depth,” by L. C. Reese and H. Matlock, paper presented at 8th Texas Conference on Soil Mechanics 
and Foundation Eng., Univ. of Texas, Austin, 15, 1956. 60 tau 
Associate Prof. of Eng. 
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sidering the modulus at an i ide is s by no 


clear, however, that for either the elastic case or the inelastic case the modulus : 
a as defined has a unique value or r that the value 


soil i is clearly not an elastic material, except possibly at 


the sine » disteibution i in this slice, when the pile segment is loaded, is the same _ 
as for a concentrated load applied to a point in an infinite plate. if this is con- — es 
sidered as a problem in . plane the solution for the is 


4 
in n which 6 is the deflection; p p represents the load; r denotes the distance ieee x 


; the point of load application to the point at which the deflection is measured ; a 
E designates the modulus of elasticity of the medium; v is Poisson’s ratio; and 
b represents the distance from the point of load Marca toa point at which 

«Eq. 16 can be rewritten as. 


_ If 6 were actually the deflection at the face of the sain. Eq. ‘Viele be — 


equivalent to 2 E,, as defined by the authors. Eq. 17 indicates that as bap- — 


proaches infinity, | 5 becomes very large and EF, approaches zero. Because the 


strain, €,, vanishes only when r approaches infinity, the point at which the de- 7 
flection vanishes must also be at r = ©. Thus, it appears that in an infinite re 
elastic medium the. deflection at a distance, r, from the point of load application 
will be infinite e. This n means that the deflection will also be infinite at the face _ pM. 

" of the pile. A semi-infinite, axially loaded elastic bar is somewhat analogous _ 


to this case. For such a bar. the displacement of the end in the direction of = 


“the load is infinite for all values of the load, except that as the load | baeomen 
_ infinitesimally small the displacement becomes indeterminate. = 
— If the soil is considered not as perfectly elastic, but as a material that is 


sth 


_ "elastic at small strains and inelastic at sarge strains, it may enter oe inelastic — 


¥. elastically, and the stress distribution i in this elastic zone will be the same as it 
was for the completely elastic soil. _ Hence, the deflections at the face of the __ 
pile will be infinite for this soil, too, if the soil mass extends to pie? in all = 


Qne can now consider a thin horizontal slice that has been taken from the 
_ sr pile-soil system at a distance equal to at least five pile diameters below the soil - 
— 
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pattern” can be divided into three zones, all of which move through 
the soil as the pile moves. The first zone would contain the flowing soil. 
his zone is contained in a probably n no more than three diam- 
huss eters from the center of the pile. The 
vile Deut io second zone e is the region in which the 
behaves inelastically but does not 
00000] flow. ‘This region might extend as far 
of as ten diameters from the pile.  Thethird 
000000 would be the elastic zone in which 
‘the stresses are small, but the distribu- 
olf ‘tion is the same as it was at that distance 
00000; = =| for the purely elastic case. The 
TTT tion at the face of the pile in that case 
rol w ould also be infinite if the lateral ral dimen 
sions of the soil are infinite. 
Thus, it appears that if a) behaves 
ne Lapa elastically only at extremely small strains, 
wpe i of deflection in an infinite medium will 
infinite regardless of (a) the soil char- 
acteristics at the higher | strains and (b) 
magnitude | of the load. Obviously, 
under these assumptions the soil modulus 


One might legleally: inquire: e at this 
as to why an actual pile carrying 


distance. One limiting factor is the finite 
extent of the soil system. Except in 


oe an infinite soil medium. Finite dis- 
tances to the boundaries limit the deflec- 
ais: tions to finite quantities. This means 
ite that the deflection, and hence the ratio 
of load to deflection, Z,, depend not only 


add may contribute to the limiting of the 


defection are (a) the finite length of the pile and (6) the variation i in load along 


the length of ‘the pile. The preceding. factors. prevent the stress distribution 


: around the pile from corresponding to the conditions for plane strain. 
yy factors limit the deflection they affect the ‘soil modulus. If they affect the soil 


modulus that factor cannot be regarded as 


7 
= 


— 
— _ If the soil mass in the vicinity of the pile enters the plastic range exhi ; ‘ 
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on the elastic characteristics of the soil, but on several other characteristics that 
‘The relationship between load and deflection in an actual pile is more. com- 
1 | plex than is indicated in the preceding presentation. 7 The , general nature of 
_ this relationship is illustrated graphically in Fig. 18. In this illustration the 
-dashpots indicate time dependence; the springs attached to blocks of 
“sizes indicate a reaction increasing with deflection and then reaching : a yield >a -" 
point or limiting value that depends on depth; the taper in the springs indicates _ ; 
_ a nonlinear variation of load with deflection; the gap between the pile and 
aor ‘Springs indicates a molding 2 away ‘of the soil by repeated loadings ; and the in- - 4 
_ ereasing stiffness of the soil is shown by the shortening of the springs as the b? Ba 
depth below the surface increases, es 
ties In view of all the factors that contribute to the relationship between load 
and deflection in the actual case and the conclusions to which the simplified 
©, analysis leads, it does not seem likely that the soil modulus, even if uniquely 
defined, could be related to: o the modulus of elasticity, whieh determined 
_ by laboratory triaxial tests, , by a simple numerical factor having any funda- — 
rt _ Nevertheless, the authors have p erformed a valuable service in setting up 


completely accepted or will lead eventually to a clearer 
standing of the » problem of the laterally loaded pile. j 

e _Hupson A.M. ASCE.—The use of strain gages to produce the 

- data on which the authors’ analysis is based appears to be the most promising 

< way to develop the basic correlations that are needed for a better understand- — 

ing of the complex problem of laterally loaded piles. However, the validity 

_ of such basic correlations is dependent on the reliability of the experimental a 

data. Soil reaction values are extremely sensitive to errors in strain-gage 

and to methods of data evaluation . Although moments 


>. ‘methods or constants. A Tt is hoped that the ‘authors will indicate what, 
their is the probable precision of the proposed constant. 


indicate maximum: stresses in the pile. Be Because of many parameters 
_ afecting the behavior of a pile-soil.s sy stem, a great number of such pile tests a 
would be required. In view of the meager understanding of the problem at _ 


it seems more logical to concentrate first on fundamental 


This requires the measurement of soil resistance and 
deflection at various depths for comparison with soil characteristics which 

4 be determined by laboratory tests. me 
3 Prof. of Civ. Eng., Univ. of Texas, Austin, Tex 
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desirable to make direct measurements of the sail 
resistance per unit length of the pile. Pressure cells fail to yield this 
because their sensitive areas are limited. At each measuring station the 
<= entire perimeter of the pile would have to be fitted with such pressure cells, 
and, even then, the determination of 
TABLE 1.—Exampe Set or MomMENT the total force component acting op- 


OBTAINED FROM posite to the direction of movement 


__Depth, 2, in inches Moment, M, in inch- skips Several methods are available for 
Jo oil) or less direct determinations of 
751. pile deflection or slope as a function 
773.52 of depth. Attempts to obtain soil 
reaction values from deflection meas- 


urements or slope Reasuremente 


accuracy that would arise from the three or four neoeusary differentiations. _ 
‘Even the ‘method of using strain gages suffers from the fact that measure- 


ments of moment by the gages must be differentiated twice in howe soil 


accurate values of deflection because tends to. out the 
effects of irregularities. All that is required is that there be a well-established _ 

reference tangent mere along the pile to serve as a datum for the — 


varies in simple proportion to the 2, so that E, =k kz The following 

data will also be assumed: Ye 


i Lateral thrust at the line... 16. 67 kip 
nondimensional ‘solution, based on 100-point iterence equation 
solution, 1, has been used to compute “exact” \ 
"depths in the vicinity of the maximum moment: ‘the exact values are given 


‘The value of soil resistance, p, at the central depth (78 in.) is a 3 
nondimensional solutions to be 0.230 kip in. of pile length. This” 


could be obtained f from the ‘Precedin tabulation by the method of divided 


— 102 | 

a a and resolution (with respect to depth) in soil resistance values would require | a i 
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has been compute soil ‘resistance values 
experimentally determined moment values consists, in effect, of fitting a cubic © 
polynomial by least squares to successive sets of five equally spaced points and and — 
then differentiating this polynomial at the central point. 


The curve in Fig. 19 is assumed to be of the form, 


per a mild degree of to reduce the 
effect of experimental error is thus introduced. 3 
To indicate the effect of an error in test data, 
the central value of moment in Table 1 is changed 
by 1% from 773.52 in. \.-kips to 781. 26 in.-kips. i pt 
The ‘resulting values of computed soil resistance 
_ are compared in Table 2 for four different methods _ 
of computation. The results indicate that, even Fie. 19.—Baars yor Process- 
_ with some smoothing, errors in soil resistance Test 
values are relatively much greater than ‘errors in 
moments. | it is possible to 4 
more reliable average values by increased inustue but only by sacrificing — 
resolution or the ability to distinguish the effects of individual soil layers. = 
4 Graphical differen ntiation offers no improvement. Second derivatives that are 
obtained graphically are greatly affected by both human error and judgment, E 
and can serve only to give a general idea of the soil resistance distribution. ral 
Regardless of the methods that are used for data reduction, extreme « care 
mu must be taken to achieve maximum accuracy in the strain-gage data. 
means that instead of using nominal gage constants and computed section 
Properties. ‘it is to calihente the pile: the indicating instruments 


we 
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2 =. The soil resistance, p, per unit length of pile is the second derivative of the => — 
“ey 
_ “a 
— 
— 
fitted by least ‘squares and then differentiated at the central value, the 
following expression is obtained for the soil re- __ 
24 
on) — 
— 


minimum of creep and They must be waterproofed ‘much more 


thoroughly than in ordinary practice, and special circuits must be used 
“a TABLE Resistance VaLues Computep at 78-In. DepTa 


NCH 


The of the strain-gage method was established in an extensive 


“ series of lateral load tests on ” inetrernenbat pile** Although the test results x 


c 


me 


7 a 


Bott 


"given in Fig. 20. The-12-in. eter pipe pile had an embedded length of 
42 ft with gage-station spacings that varied from 6 in. near the top of the pile _ 
to 4 ft in the lower section. The pile s was loaded with a horizontal thrust at 


5 by. “Procedures ures ax nd Instrumentation for Tests on on a Laterally-Loaded Pile,” by Hudson ‘Matlock ‘and 
r, y Eighth Texas Conference on Soil Mechanics and Eng., Univ. of 


A. Ripperge’ 
Texas, Austin, September, 1956. 
ay 
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“AN a 
the ground line. An individual calibration constant was obtained for each 
gage station by subjecting the pile to precisely known moments. 
~ of results to 0. 1% or better was attained during calibration. The moment 
values plotted in the figure are those obtained directly from the strin-gnee 
readings multiplied by the calibration constants: 
Pile deflection curves and soil Tesistance curves that were computed from 
the moment data are also shown in Fig. 20. The | soil resistance values were 
obtained with the least-squares, 5-point cubic fit discussed previously. In the 
ig zone of 6-in. gage spacings near the top of the pile, two independent sets of | 
bog computations were made using alternate sets of gages at 12-in. spacing. — The 


ps extra set of soil resistance values is indicated by using crosses for the plotted 
- points. — The agreement with the values shown by open circles in this oe 
indicates the degree « of reliability in nthe results. 9 ab aie 
ASCE -—The primary reason for aitempting to determine the soil 
modulus of laterally loaded piles without a full-scale test is to permit a -reason- ** 
“ably accurate determination of the pile bending moments, pile deflections, and 
‘soil reactions, with emphasis on the bending moments. Mr. Ripperger 
“questions the existence of “such a factor as a soil modulus,” then concedes i 
_ that “obviously, a modulus of some sort exists.’ ’ There definitely is no unique oy 
—_: of the soil modulus for a given soil because the pile test showed that the 7 
modulus varies with depth and pile deflection 1. Because the pile deflection — 


varies with the pile size, pile stiffness, load magnitude, and manner of load 
application, the modulus will also vary with these factors. _ Therefore, the 
= modulus” exists only as convenient expression for the 


tentative correlation coefficient established in the paper dees not in 
itself establish a soil modulus for a given soil, but permits the establishment of 7 


size > and at a a selected 1 depth within that soil. The proper soil modulus: for a 
A § given problem becomes known only after the | problem is fully solved by suc suc- 


cessive approximations, using a difference equation solution or some equally 
suitable method, and the pile deflection curve is determined. 

Reuss ‘and Mr. ‘Matlock: have requested the writers’ ‘of ‘the 

effect of inaccuracies in the pile test on the correlation coefficient. To the 
g reasonable question of * ‘what is the possible percenta age of f error i in ‘the. co- 
a efficient?” should be added: : “What. degree of accuracy is required of the cO- 
efficient?” Mathematical analyses using idealized E,-versus-depth relation- 
ships answer the second question. — Considering the value of E, to be constant — 
with depth and deflection, the pile bending ‘moment, M, varies as the — 
root of If £, is constant with deflection but increases linearly with depth, 
then M varies as the fifth root of E,." To compute M to within a 5% range, E, = 


Hote 


could | be in error - by approximately 20% i in the first case and 25% in the second 


Pres, MoClelland Engts.,Ind., Houston, Tex, 
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coefficient to be affected the p precision of the 
ae defiections and reactions for the test pile, the possible error in the value of the 
coefficient might be as much as 50%, thus permitting a possible error of 10% 


i. in a computed moment. The actual error resulting from inaccuracies in the 
_— test pile data is believed to be less than 50% because of the experimenters’ 
- statistical treatment of the data’ and because of the partial confirmation aoe 
-_ by the rational analysis of Mr. Reese. With intelligent use the correlation & 
- coefficient is therefore believed to be sufficiently accurate to permit the com- — 
_ putation of pile bending moments, with an error of less than ‘10% for loading J 
conditions similartothe test. wiles 
involving laterally loaded piles, the desired 


El=14.202x10" tb in? — Lek 
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{ Assumed soil modulus, E,, in ib pér sq in. in ‘laches oxin 


re. 21.—Errect or Sor, Mopvutvs Variation on Moment AND DEFLECTION 


. “significant depth”’ of soil (questioned by Messrs. Peck, Davisson, and Hansen) 
governing pile behavior has. been shown by previous’ analytical studies* to 
7 extend down to approximately the point of zero deflection. Significant changes i” 
in the assumed value of soil modulus below this point will have little effect e 
the computed ‘moment and deflection at the ground line. . Fig. 21 and Table 4 
‘@ “which were taken from a previous paper® by the writers, clearly demiastisie 
this fact. Mr. Reese also found that the upper 15 ft of soil at the test site ‘Ss 
"governs the pile - performance even though the embedded | pile length i is 75 ft. 
The relative stiffness of the pile soil system below the point of zero Secale 
‘has only limited effect on the deflection curve near the ground line. hepa cae 
Mr. Peck and his associates ‘apparently ‘attach much importance the 
4 irregular and small values of E, indicated by the test pile data below 15 ft. — 


With much they « expressed a be » belief the writers by 
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MCCLELLAND-FOCHT ON SOIL MODULUS 
inepection-nthet much of the irregularity is due to inaccuracies in the deflection 
and reaction determinations in a zone which both of these values are small. — 
They indicated that adjustment of the pile deflection curve by a minor rotation, — . 
in order to > equalize the depths to zero deflection and zero reaction, will produce 

; more reasonable E,-values to a depth of as great as 30 ft. However, they did _ 

- not acknowledge, or perhaps failed to recognize, that this same rotation pro- _ 

duced a negligible effect on the E,-values above a 20-ft depth, and that the 

_ latter values controlled the pile behavior and were those on which the cor- — 
: a relation coefficient was based. The primary importance of the values at shallow — 
depths and the relative unimportance ve of the values at greater depths was 

7 4 stated by the writers. Mr. Reese arrived independently at the same conclusion. — 
wal ‘The possibility that the effects of the loading sequence may have had a 
marked influence on the results is raised by Mr. Peck and his associates. — 
According to a study conducted** by Roy D. Gaul, J.M. ASCE, if the soil is not i. 
stressed ‘to number of not cause 


Assumed E,-value*| ground line, 
Condition II slope = — 0.006.. 


‘significant decrease in the E, -value ata given depth. * A total of. only fifty- 


seven load applications, both static and dynamic, were mance to the pile. © In } 
general, the magnitude of the loads increased eased progressively. Some erraticerrors 
4 could have developed because c of the ‘necessity for switching between loads, 
a but a procedure of statistical averaging of the basic moment, data, as. followed — 
the test sponsors, probably reduced most errors. iy tat 
Mr. Reese's: derivation of 12¢ as the ultimate soil resistance below the 
po surface is substantiated by a value of 11.42 computed by C. G. Mey er-— i 
hoff,” both of which compare favorably with the value of 11 ¢ computed f1 from : 
‘Eq. 4, ~ Therefore, Eq. 4 has a theoretical basis as well as an . empirical one. - 
‘The zone near the -ground- line boundary, as described by Mr. Reese, 
requires further study. In: Fig. 22 the ratio of ultimate | soil -Tesistance, 
to the soil shear strength is plotted versus the depth-diameter ratio. — ~The soil 
resistance was computed from Eq. 13, assuming @ = 45°, y = 0, and k=0. 
& points, which were computed from (a) the maximum soil s tresses r resulting 


__ 36 “Model a Dynamically Laterally Loaded Pile 


by Roy D. Gaul, Proceedings P: 1685, 
February, y Roy au oceedings Paper’ 


“The Ultimate Bearing Capacity of errs rel by C. G. Meyerhoff, Géotechnique, Inst. C. F 
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Mr. Reese's that the ultimate soil will be less than 11 
or 12¢ within a depth r range of approximately three pile diameters. On the 7 
- basis of limited evidence, the writers believe that Eq. 4 may be valid even at 
shallow depths if the applied loads produce soil reactions that are less than the J . 
maximum resistance. The presence of the ground-line boundary permits ,, 
failure at a lower strain than would be allowed if the soil surface were farther 
removed. However, it t may not significantly af affect the stress-strain curve up — 
 .., The emphasis placed by Mr. Reese on thorough exploration of shallow 
soils for laterally loaded structures is warranted. In addition the most careful ; ’ 
sampling techniques and testing techniques should be observed. Messrs. _ 
Peck, Davisson, and Hansen conclude that application of the tentative cor-_ 
Be relation is not justified because of possible variations in sampling and laboratory 4 
- 
these variables can be controlled 
their conclusion does ‘Rot seem seem 
‘| warranted. 
Lateral load tests in which 
only deflection and rotation of 
the pile head are measured, as. 
suggested by Mr. Reese to 
i tain soil resistance and pile de- 
flection « curves, will yield results. 


+= - assumption of E, = kz. 


2 ‘ appears "preferable to instru- 
agvig 
to soil strength, 22° hd ment the test pile fully, a as was 


‘to Som Suen STRENGTH Ripperger; than” test unin- 


ees 
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loaded test pile constitutes a bret desirable for future pile 
, tests. In their tests , supplemental measurements of deflection and slope at 
~ selected points, a as well as measur rements ¢ of the applied load, permitted minor q 


‘J 
adjustments to reduce the errors that were introduced by such aa as a 


ingenious diagrammatic representation of the pile-soil system given” 
4 by Mr. Ripperger (Fig. 18) clearly shows the complexity of the problem. ie 
q considering a thin horizontal slice from the pile-soil system, Mr. Ripperger 
wa states that “except for differences i in the vicinity of the point of | load application, 
the stress distribution in this slice ste is the same as for a concentrated load ; 
applied to a point in an infinite plate.” He then states that deflection theo- 
retically ‘should Id be infinite for all loads, which ‘means that the * soil, 


‘modulus can have no meaning and no value other than zero. Par 


a 1084 MCCLELLAND-FOCHT ON SOIL MODULUS 
| 
ial a from static loads (taken from Fig. 8) and (6) the average Q,-triaxial shear 4 
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Ripperger mentions several factors that : may explain why actual deflections 


is the exception to his assumed . load distribution, as stated in the preceding 
quotation. As established* previously by 8S. P. Timoshenko, the infinite 
— deflection at the point of application of a concentrated load may be disregarded | 
ai because it is theoretical, and a finite distributed Joad on the eh of an hate 


finite a fundamental there should be finite values 


| epalisatian rather than the other factors that were mentioned. Thus, with — 


“deflection « can be doy following the amathed 
; . Mr. Reuss introduced the problem of a factor of safety in situations in- 
7 volving laterally loaded piles. This significant problem has not been solved. 
_ There are several ways in which a laterally loaded pile structure could fail. 
7 4 The pile could move through the soil, failing the soil for the full length of the + _ 
a pile; or excessive bending stresses could result in structural failure of the pile; 7 
of the deflection, or rotation, of the pile could be detrimental to the utilization ze 4 
the structure. The first and third 1 modes (of failure would probably occur 
in piles which are ‘relatively s stiff with short penetrations. . The second type 
o. failure would probably develop in piles of relatively great penetration with © 
stiffin ness. Inasmuch as of at what load a failure 


tures, however, the Aietetention of the cai to be imposed is also — 
~ to diverse errors. The probability of the combination of conditions to produce __ 
the maximum load is also uncertain. — Therefore, for offshore structures it has _ 
@ necessary to use design loads without applying a enioty factor and to 
accept a calculated risk. bas he nood aed tedd ino ati stutitg 
bad he possibility of a linear (or elastic) dutormatioa followed by a nonlinear 
 @ plastic) deformation as the load increases is presented by Messrs. Rippetger re~ 
and Reuss. Mr. Reuss’ suggestion that the deflection be limited to within the 


- elastic range e to avoid progressive failure has merit because the data developed** J — 
_by Gaul show that within the elastic range repeated loads do not cause pro- | 
gressive failure. There are some indications of elastic action under the 
dynamic loads because the stress-strain curves in Fig. 8 have an n initial slope % 
of approximately 45°. However, there is no indication of linearity for the Py 
_ static | loads in this test, which indicates that the linear ar range, ‘if any, was ? 

ae small. _ Therefore re, designing for the limitation that was suggested by Mr. Reuss 7 — 


would restrict a static lateral load to almost zero. For overconsolidated soils 


8 wider range of linear stress versus strain could be expected. = «| a a - 
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S | 7 large factor of safety is desirable. The inclusion of a factor of safety by os —_ 
4 increasing the design load, as suggested by Mr. Reuss, is a satisfactory way of —_— ay a 
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MCCLELLAND-FOCHT ON SOIL MODULUS 
fom Mr, Lundgren ‘amplified several pertinent assumptions, imitations, 
sults. It seems reasonable to expect a soil reaction greater than zero at a 3-ft 
_ depth even for a 100-kip load. In the case of the test pile, the effects of cyclic — 
— loads and remolding effects could have caused the reaction to be truly zero. _ 
a It is also possible that the true reaction was a small finite value, but, due to 
minor errors in moment observations, the computed reaction of zero is in 
‘The effect of a large number of transient loads, particularly reversing ones, 
_ might tend to increase the strength of the soil, as suggested by Mr. Lundgren. 
_ However, substantial deflections of the soil will result during the process, so 
_ that the effect should be for the soil modulus to decrease with repeated loads if - 


_ the deflections are in the plastic range—that is, the deflections of a pile probably __ 


_ will increase as the lateral loads are repeated. There may even be atendency _ 


_ towards progressive failure. For this reason more study of the effects of 
. . repeated loads and cyclic loads is required before any definite conclusions can 


‘The strain value of 1% 1 that was used to develop the plot of Fig. 9 was 
_ chosen for illustration only. Similar plots for strains of from 0.5% to 3% 
_ would yield correlation factors differing only slightly from the value of 5. 5. 
_ Other tests to extend, verify, or disprov e the tentative correlation are definitely | 


ay In summation, any design procedure based ¢ on a single test, or ‘even one 

test series covering a significant load range, can be compared with extra- 
» polation from a single point. General considerations can provide guides for 

_ the extrapolation, but the procedure must be considered tentative and subject — 


iu even to major revision until further data are secured. The discussions have 3 


indicated for the most part that there was a definite need for a starting point — 
in o1 order to obtain solutions for laterally loaded piles. As Messrs. Peck, 
y Davisson, and Hansen correctly stated, ‘“* * * EZ, must decrease markedly with _ 
increasing de deflection,” and * *any theory based on the assumption that 
E, is independent of deflection is likely to be erroneous.’ The tentative corre-— 
 Jation and the proposed method for its application to practical problems con- 
- stitute the only procedure 2 that has been advanced for "estimating the decrease 
of EZ, with increasing deflection. With the application of careful thought and 
- analysis and with additional fully instrumented lateral load tests, a more 
precise correlation substantiated by well-documented data can be developed — 
_ by which the stress-strain relationships for laterally loaded piles can be ac-_ 
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BEHAVIOR OF RIVETED TRUSS “TYPE 
CONNECTIONS 


_ By EUGENE CHESSON, JR.,? J. M. ASCE, AND WILLIAM 


w ITH ah BY Mussns. J. FRAncis; AND EUGENE 


tests reported herein performed to “provide information on the 
general behavior of large, truss-type, riveted steel connections. . Thevariables 
: of the test program included specimen configuration, method of ‘hole prepara- 


‘ tion, and size of rivets. A study was made of the comparative behavior of the — 


3 specimens, the distribution of load to the gusset plates, the strains in the lacing 
" bars, the effect of hole preparation, and the predicted and computed efficiencies 
Research on riveted joints has been conducted since about 1837. Neverthe- — 
t less, many problems have never been solved completely. _ Such research placed 
74 emphasis on flat-plate joints, probably reflecting the | past but declining impor- _ 
s _ tance of riveted joints in: vessels, tanks, and boilers. However, since the late 


-1800’s the use of long-span bridges and the construction of many tall buildings _ 


ic components, such as angles, lug angles, and tie plates. In general, the latter 7 
tests were limited in scope and involved few specimens. Since 1945 occasional y 


i oe _ Nors.—Published, essentially as printed here, in January, 1957, in the Journal of the Structural Divi- : 
sion, as Proceedings Paper 1160. Positions and titles are in effect when the or discussion 
was approved for publication in Transactions. 


Research Associate, Dept. of Civ. Eng., Univ. Tllinois, pads ided 
Prof., Dept. of Civ. Eng., Univ. of Illinois, Urbana, I. 


oy “*Riveted Joints, a Critical Review of the Literature Covering Their Development, with erty, 
“ad Abstracts of the Most Important / Articles,” by A. E. Richard de Jonge, Research Publication, A 
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Studies have been made on gusset plates, columns, and some related structural 
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several specimens of similar size and and often limited to, or 


principally concerned with, the behavior of high-strength ol 
 Flat-plate joints are | sometimes referred to as “single-plane members,” or 
those in which the loads on the fasteners are -s are applied i in one plane. _ In the case of “di 
_ double-lap joints, the loads on the fasteners are applied in two planes separated _ = 
_ only by one or more thicknesses of material, a distance that is usually small — = 
in relation to the width of the joint. H In contrast to single- plane members, 
many large truss specimens in general use can be termed ‘“‘double-plane mem- — 
a bers’’— —that i is, those i in which the loads are applied through gussets in two 
planes sey separated by a distance that is often equal to or exceeds the width of the 
_ The behavior up to failure of full-size, truss-type ‘members subjected - 
p static tensile loads will be examined. A Because they were tested in ‘duplicate, 


the sixteen specimens represent eight : variations. The latter include five dis- 


ie tinct specimen patterns for which the r rivet | holes were drilled plus three’ wade : 


Fabrication and Description of ‘Specimens.— —The ‘material was ordered + 
\ P accordance with American Society. of Testing Materials (ASTM) designation 


A74 The gusset plates were cut from 40-in.-by-}-in. hot-rolled sheared plates; 


the web plates and battens (or tie plates) were cut from AGA. -by- -4-in. universal — 
mill plates; and the lacing bars were sheared from a }-in. plate. The — 4 
stock consisted of -by-3}-in.-by- material in 22-ft 6-in. 
q 5-in. -by-3-in. ~by- 3-in. angles were ft! long; -5-in. ~by- 
All material was carefully identified and cut at the University. of a 7 


(Urbana). The batten plates and the web plates for a given specimen came 3 


from the same pieces of plate. * Similarly, without exception, all four a angles for 

4 any given specimen were cut from a single length. Coupons were taken from 

; approximately the mid- length of each piece of stock that would comprise part ‘2 
th critical section of the Specimens. In. general, the plate material was 

q ‘flame-cut to final dimensions, and the angles were generally saw-cut to length. is 

i One of the principal variables of these tests was the method of hole prepara- 

. tion. . In order to reduce the variations resulting from fabrication to a mini- 

‘mum, all pieces for the drilled specimens were match-drilled and fitted upcom- 

Rs ‘pletely at the university. Acadia 2790 qu 


- aM Punched specimens were made as follows : The plates were 


specimens, having been cut at the university, were set up and ‘carefully 
punched on a standard spacing table at the fabricator’s shop. Because these 
angles had been laid out earlier at the university, the stops or settings of the - 
Spacing table w were checked i in “dry before actual punching began. The 
“use > of these procedures resulted in uniform sp spacing and constant gage distances. 4 


+“Fentative for Steel for and A7-50T, AS8.T.M., 1950. 
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In driving the more t then 1 ,500 rivet, nine holes required 1 reaming, which, 
however, did not appear to reduce the strength of the specimens involved be- — A] 
cause the failures did not occur at those joints in which the rivet holes had , 
been seamed. i ote bovsve bos — 
All rivets were from the fabricator’s stock and of ASTM A141 designation’ 
_ with cold-formed heads. The length required for the rivets was determined by van 
the rivet-gang foreman in the usual shop fashion. New kegs of rivets were — 


- opened and used for these specimens, and four sample rivets of each diameter 7 
and length were set aside for laboratory testing. The }-in. rivets in paren b= 


‘TABLE 1.—AREAS AND PROPERTIES OF SPECIMENS 
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Laced angles} Drilled 

Laced angles} Drilled 

Laced angles} Punched 
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I-section 


angles Drilled 

Laced angles 

Laced angles 

Laced angles ne / 

Laced angles} Drilled | 3/4 
Laced angles| Drilled | 3/4 
Laced angles} Punched | 3/4 


EPS Laced angles} Punched 3/4 
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hy 
AD2 and the bin. for the tie and lacing bars of s specimens 
DD1 and DD2 were all hand-driven, All other rivets were machine-driven in 


both the punched and the drilled specimens. 


pa _ There were five basic types, which were FRAPS ‘alphabetically A A ‘through 
E and designed to give as wide a range of predicted efficiencies as Pap sg ay > 


Specifications for Structural Rivet Steel,” A141-39, A.8.T.M., 1939. 
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ADI 3/4 | 27.48 | 27.12 | 98.68 | 20.23 | 20.77 | 20.57 | 30.93 
3/4 27.48 | 27.24 | 99.13 | 20.23 | 20.77 | 20.57 | 30.93 
‘ «BDI 7/8 | 11.44 | 11.44 | 100.00| 8.62| 8.81] 8.63} 14.43 
BD2 7/8 | 11.44 | 11.20] 97.90] 8.62] 881] 8.63 | 14.43 
BPI 7/8 | 11.44 | 11.24] 98.25| 8.62] 8.81] 8.63} 14.43 
BP2 7/8 | 11.44 | 11.24] 98.25] 8.62] 8.81] 8.63 | 14.43 
Sy cD1 7/8 | 19.44 | 19.37 | 99.64 | 15.62 | 15.87 | 15.69 | 24.05 ih = a 
CD2 7/8 | 19.44 | 19.17 | 98.61 | 15.62 | 15.87 | 15.69 | 24.05 — 
11 11.32 | 98.95] 7.20] 7.48| 7.22] 12.03 
> Dbd2 11 11.24 | 98.25 | 7.20] 7.48] 7.22) 12.03 
11 11.16 | 97.55] 7.20] 7.48| 7.22) 12.03 
DP2 ll 11.20} 97.90] 7.20] 7.48| 7.22] 12.03 
— «wae 14.44 | 14.48 | 100,35 | 11.94 | 12.12 | 12.00 | 17.67 | 1.0 — a 

| _ED2 14.44 | 14.44 | 100.00 | 11.94 | 12.12 | 12.00 | 17.67 | 1.0 _-  «@ — 
ol 14.44 | 14.48 | 100.35 | 11.94 | 12.12 | 12.00 | 17.67 | 1.0 a — 
‘3 14.44 | 14.44 | 100.00 | 11.94 | 12.12 | 12.00 | 17.67 | 1.0 — 
— 

— 
— 

4 specimens), edge distances, and spacing. A marking system identified each 
 - piece of material by specimen type, method of hole preparation, specimen num- ea 4 _ 

} 


the original length of stock to the ‘assembled specimen. All drilled 
are identified by the letter D following the type designation, and the punched 
_ specimens are designated by the letter P. Because each type was tested in 


7 Thus, BDI signifies the No. 1 specimen of type B, which was prepared by 
4 drilling, and DP, ay second punched specimen of type D. Details of the — 


com schanical Properties of Materials —Coupons from the materials were me 
toa a 1}-i in. width and to a standard 8-in. gage length. Both surfaces 
ABLE 2.—Averace MEcHANICAL PROPERTIES 
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of coupons from the junction of the legs of an angle w were - machined to provide — 
i parallel surfaces. All other coupons were tested with the flat surfaces in the — 
_ _ “ag-rolled” condition. Every coupon was carefully marked to identify » 
“original position a and its related ‘specimen. Because all angles of a given size : 
e were from the same heat, coupons were taken from the toe, center, and fillet 
. positions of each leg of one length of stock. Only two coupons, one from the | 
center of each leg, were taken from other lengths of angles. af From two to five | 


Ss were tested from each of the various pieces of plate stock. yg = 


Dtandard Methods of Tension Testing of Metallic Materials,” ASTM Standard E8-46, A.S.T. 
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angles and the plate material are listed in Table 3. a fa 
—- Table 2 shows that most of the material for these : specimens met the require-— 
ments of ASTM A7, although some of the plate material had an ultimate — 
strength of as low a as 58, 000 Ib per sq in. , or approximately 3% lower than the 
required 60,000 lb p per 8q in. . All coupons met the minimum yield requirement . 
33,000 lb per sq in. and the requirements forelongation. 
‘The information obtained from the coupons also provided a means of check- 
_ ing the actual dimensions of the truss-type : specimens. By taking the thick- 
- nesses of the unmachined coupons and averaging them for a given member, it 


chemical mechanical properties from mill reports forthe 


Silicon, in % 


, in % 
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% 
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, in 
Tensile strength 
point, 
in Ib per sq in. 
ration 


ong 
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Manganese, in % 
in lb per sq in. 


Carbo 
Yield 


Bh in. X 34 in. X in. 22 ft Gin. 


5 in. in. X in. X x 34 


x in. X x . . . . 40,948 


60,000 | 34,200 


‘sheared 40 in. X } in. X10 


Plate, universal mill 


in. X in. X 25 ft 8 0. 52 62,280 

16 in. X in. 25 ft 8i in. 0.22 | 0.49 | 0.016 | 0. | 64,740 
we DAR i ba 


Fal 


“areas obtained from the of t e Institute of St Steel 


«oS (AISC).” 7 It was found that the measured areas of the specimens t tended — ” 
to be 99% of the handbook areas. Individual specimens were 


as low as 97.5% and as high as 100.3%, as shown i in Table 1. Such a range is Zz 


4 within | the 4 #2. 5% allowed by AISC and ASTM specifications. 7,8 The mea- 
sured area was used only i in the determination of test efficiencies. All other 


: <5, to area are to the handbook or nominal areas. == 


The four samples of f each rivet length- -diameter c combination were tested i in 
shear and tension. The results of the tests are shown in Table 4. The average 


shear strength of the ?-in. rivets exceeded that of the {-in. rivets by approxi- 


mately 10%. The ultimate tensile strengths of these rivets were 
higher than those specified® by . ASTM A141-39. However, the latter specifica 


7 “Steel Construction,” A. I. 8. C., 5th Ed., 1955. 


*“Tentative Specification for Delivery of om - Steel Plates, , Shapes, Sheet Piling, an 
Structural Use,” ASTM A6-50T, A.S.T.M., 1950. lo 
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4 was possible to compute the areas of those members for comparison with the — - 
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0.23 | 0.52 | 0.014 | 0.039 66,320 | 39,650] 28.0 
21 0.42 | 0.023 | 0.042 63,283 | 38,877| 27.0 
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RIVETED 


tion governs the properties of the as-rolled bars and not the manufactured b 

Instrumentation and Equipment.— 

"me mentation involving mechanical dials, electric strain gages, and a qualitative >» 

visual indicator of the extent of yielding. gatos MTB lo 

ome ‘The mechanical dials had 0.001-in. divisions and a range of 1 in., and wer were 

. used to (1) indicate the over-all deformation of the specimen and joint, (2) 4 2 
measure the relative movement of the gusset plates and angles at the critical 
sections or first TOWS of rivets in the joints, and (3) indicate the relative move- 


TABLE 4,—Couron Txsts or River Stock 


Average 
size, in om ultimate shear 


in Ib per sq in. stress, in  inarea, 
Ib per sq in. 


46,700 


70,100 
69,600 


4 


a 
ody 
65.5 


Average for j-in. rivets 44,000 | 62,700 


‘o y _ © Average of four loadings on two rivets; two loadings on each rivet were made on surfaces from 3 in. 
_ to lin. apart. Shear stress tabulated is based on nominal diameter; loading rate was 0.04 in. per min. 
Average from two tests on coupons machined from undriven rivets with no annealing. Coupons 
were 0.25 in. in diameter, had a 1 00-in. gage, and were tested at a loading rate of hee 02 in. pert min. ‘ny ° 


1s and 2, and were used to give comparative strains in the angles, lacing bars, and 
web. plates ‘of the members. In order to determine the load to the 
_members, three pairs of gages were placed on each of the four pull plates to a 
which the gussets were welded. oe The gages, one on either side of the pull plate, a 

gave average strains at the g gage locations and were used to evaluate the a : 
tude of the load in the gusset plates. Strain-gage locations were chosen to eS 
7 obtain the most representative 1 measurements with the least number of ages. 
Whitewashing the specimens | provided a simple method of indicating where ay 
"yield patterns (shear lines or Liider’s bands) were formed in the specimens. — a 


The whitewash spalled off the surfaces of the specimens with the — Seale as 
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ets in the joints. Mechani~ 
angles and gussets at the last row rive 
SR-4 (type Al and }{-in. gage length) wire- 
electric strain gages were 
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oratory at the University of ‘The manner 
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(@TRUME INTATION FOR TyPe A, B, anv C SPECIMENS 
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is — in Fig. i, which gives a graphic representation of the 
members. _ The gusset plates of all specimens were welded to the pull : plates “/ 
_ the test fixtures with fillet welds. A consistent welding procedure was used : 
for all specimens in order to minimize the secondary e effects of the welding» 
T 
and to keep them the same from one specimen to the next. WwW hen it was ' 


_ observed that most of the first eight specimens tested broke on the east side, 
the next, ‘group o of pant duplicate specimens was rotated 180°. However, the 


MOLES OD! @ 002 


2000000000! 
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TYPE A-l SR-4 STRAIN @ sur ano oEFORMATION = 


sequence was not changed. In spite of this change in 


- most of the second group of specimens also ee on the east side possibly ; 
_ because of a peculiarity of the | testing machine. It appeared that the sequence 
> of welding did not affect the behavior of the members. After : a test, the pull 


plates were flame-cut just beyond the welds, thus removing 


~ from the pull plates for each specimen tested 
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n dials were read | 


sie, 3.—Srzcmen ED2 mm 3,000,000-Ls. MacHIne a 


bas 


> 


@ maximum load of 1,190,000 (88, 800 Ib per sa in. the net area, j 


~~ @ after each increment had been. applied but while the load was mnintained 4 
— _ The phrase “a row of rivets” used herein signifies those rivets that are 
7 perpendicular to the axis of loading, and “ee line of rivets” refers to those that 

are parallel to the axis of loading. _ Unless otherwise ‘specified, the order of the — 
al rivet rows refers to the member itself. That is, the first row of rivets in a 

a joint is the one at the net section of the member, or the first row of rivets 

nearest the mid- length of the specimen. Similarly, the last row of rivets is 

that farthest from the mid-length of the specimen. 

is a Type A Specimens. Because of the unusual failures of the two type A 
pecimens, their tests are described fully. The specimen details are shown in 4 
‘d Fig. 1(a). The cross section can be described as a double channel or box section. 
_ Specimen AD1.—During the test of specimen AD1, the flaking of the 
whitewash. of the lower east gusset around and below the last row rivets at 
4 400, 000 Ib indicated the beginning of yielding in the member. er. At 700,000 lb 
7 (25, 500 Ib per sq in. on the gross area), the first Liider’s lines appeared inside 
the east web at the first row of Tivets, and at 1 ,155,000 Ib the entire lower east — 
i joint failed suddenly i in shear. 4 This maximum load is equivalent to 57,100 lb — 
per sq in. on the net section, 42, 000 Ib per sq in. on the gross section, and a 
4 average rivet shear of 37,300 lb per sq Be. 
| hi ~The sheared rivets were then removed from the lower | joint, and the « connec- 
‘ tion was bolted with high-strength (ASTM A325) bolts at a torque of approxi- __ 
mately 370 ft-lb. When the bolts were installed it was noticed that the east 
gusset had “necked down” considerably a at the center of the last row of holes. 
__» A second test was conducted with the lower joints bolted and the upper 
joints still fastened with the original rivets. Failure | began with the tearing of © 
the lower east gusset. followed by a similar ‘rupture « of the lower west gusset. 
_ Both tears then propagated simultaneously until the east gusset tore to an edge, 
as shown in Fig. 4 . Prior to failure five bolts on the west side and two on the 
east side sheared. +4 The maximum load was 1 ,235,000 lb (61,000 lb pe per 8q in. 
on the net ‘section and 44,900 lb per sq in. on the gross area). _ The rivets in thei 


Specimen AD?, ofs specimen AD2 show ed signe 
= ing at 400, 000 Ib as the whitewash spalled o off pa the last 1 rows of rivets. 4 
Under a load of 500,000 Ib (18, 200 lb per sq in. on the gross section), Liider’s 


“a. 


bands developed on the east web at the Phe yt rivets, and, 100,000 lb later, 
web plates had yielded at the net section. oy 


Ne 


43 3,300 lb per sq in. on the gross section, ‘and @ nominal average shear of 38,500 q 
4 lb per 8q in.), the outer lines of rivets in the lower east gusset sheared suddenly - 
a and the load dropped to 400,000 | 000 lb. Because | the gusset was still attached to 
the web by the three inner lines of rivets, the member continued to carry load | 
= until at 940,000 lb the east web tore at the first row of rivets. This fracture } 


Plain ASTM A. 8. T.M., 1953. 
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4. SPECIMEN AD1, East Gusser 5.—SPECIMEN AD2, 


Fre. BD1, 7.—Srecmen CD1, Net-SEcTION 
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somewhat more > fully th than the. tests of similar members. Detelis: 
the type B specimens are shown in Fig.1(), af 


Specimen BD2.—As the load reached 350,000 lb (30, 600 Ib per in the 
section), Liider’s lines appeared in the angles at the first-row_ rivets. 
‘ When the load was raised to 390,000 Ib, the whitewash began to ) spall off the at 


oe _ bands + were pronounced on the outstanding legs of the angles opposite all the a 


rivets. 475, 000 Ib the heel of the angles had pulled away from the 


on the net section, 43, 700 Ib per sq in. on on gross ‘section, ‘end a nominal aver 


the center rivet, producing a a secondary failure. This failure was at 
a point of high localized stress ‘produced by the lacing bars, which bent the 
angles or “pinched them in.” addition, it was noted necking-down 


a had occurred at the net n of the connective as well as at the other lacing 


Tivets. This, too, ' was characteristic of all the laced specimens. 


3 "section, 43, wa lb per sq in. on the gross section, ond a nominal average a 
risen of 34, 500 lb per sq sq in.), the toes of the east angle began 


oe: toes of the Zin. es of the west angles also. "At the same time, the Posse 
ee spread through the 3-in. legs and a across the 5-in. legs. g 
-Typiea of the inthis of the type B members i is that shown i in Fig. 6 for BD1 ve ia 


Specimen BP1.—At a load of 300,000 Ib (26, 200 Ib per sq in. on the gross 


is section), the first Liider’s bands on specimen BP1 were apparent on the inside of 


_ the east ant at the first-row rivets. The specimen reached a maximum load — 


oR failure occurred at the toe of a an n east angle at the center r lacing rivet, fol 
cing rivet. Although 
tears | were apres, oy in all the angles, final fracture occurred i in the west angles 
Shik oe at the top lacing rivet. _ Even though the east side of this specimen was more — 


failure occurred on the west side of the specimen. 
Se Specimen BP2. —The west angles of specimen BP2 began to yield at at a 
first-row 1 rivets at approximately 325,000 (28,400 Ib | per sq in. on the gross oss 


The type B sp of similar pattern), imen to 
— (of which there lative of all. the 'BD2, and in this teat Leder’s bend 
j f yielding as We f speci 
— tested in t progress of y cal o 
were taken of the p ielding was 
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; yielding. When a maximum load of 458,000 Ib (53,100 lb per sq in. on the net 
a section, "40, 000 Ib per sq in. on the gross section, and a nominal average —— 
stress of 31, 700 lb per sq in.) was reached, the east angles failed, Although of 
same character and at approximately the same load as the 


ar nating the lacing and at 425,000 lb the west angles indicated 


/ ruptured at the lower wt rivet and the northeast angle ruptured at the upper ; 
lacing rivet. At the center lacing 1 rivet in the west angles, the toes 
ae Type rt Specimens. —The type C specimens were of the solid-I type and are ~ 
illustrated i in Fig.1(c). Both of them failed at thenetsectionsinasimilarfashion. 
ia Specimen CD1 —The lower east gusset began to yield at the last-row rivets 7 
ata load of 300,000 Ib. _ However, it was not until the load had reached 550,000 — 
db (28,300 lb per sq in. on the gross section) that the east angles indicated yield- »» 
4 ing at the net section . At approximately 600,000 lb, the east edge of the web 
developed Liider’s lines at the first-row svete. and at 650,000 lb the web and ; 
inner legs oo the east angles indicated yield bands in the whitewash at the ee 7 ; 
stitch rivets. __ The specimen failed at a maximum load of 872,000 lb (55,800 lb 
per sq in. on the net section, 44,900 Ib per sq it in. on the gross area, and a nomina] — 
average shear stress of 36,300 lb per sq in.). Final failure occurred at the net — 
section at the lower east side, as indicated in Fig. 7. It was interesting to note 
that necking-down ¢ occurred a at the angles at each stitch r rivet (arrow in Fig. 7). : 
In addition, a similar } yielding was noted in the web at each of the stitch rivets. 7 
The failure of CD1 was arpieel 9 of the net-section fe failures es observed it in the the other _ 
specimens (Table 5, Col. 5). ons odd pie One, TE to 
Specimen CD2. —At a ‘at 300, 000 1 Ib, Liider’s lines developed on the 
~ lower gusset plates at the last row of rivets, and by 500,000 lb (25,700 lb per 
_ 8q in. on the gross section) the outstanding legs of the angles I had yielded at the = 
first three rows of riv ets. At $00, 000 lb the first signs of the sacle of white- 


4 


average ze shear stress of 37, 500 Ib per sq in. produced the primary fail- 
ure at the top west net section. A secondary failure occurred at the toes of the 


TypeDS pecimens. .—The type D specimens were of the laced-I shown rt 
 - Fig. 2(a). _ The ‘angles of these members were of the same size as those of the 7 
type B specimens. ff How ever, the section at the lacing rivets tended to be less 
important as points of stress concentration because the type D specimens were 


prepared v with a smaller net area. Mia); 
OK Specimen DD1. —At a load of 250,000 lb on specimen DD1 (21,900 lb per 
_ 8q in, on the gross section), Liider’s lines appeared at the first-row rivets of the 7 
gay angle. When the load reached 410,000 Ib, yield bands | became ¢ evi- 
a - dent on the angles ai at the lacing rivets. — The maximum load for failure : was 
. 450,000 lb (62,500 lb per sq in. on the net section, 39,300 lb per sq in. on the 
gross section, and a1 a nominal average shear stress of 37,400 lb per sq in.), with | 
7 the primary failure o occurring at the top west side anda secondary (or partial) rn 
failure POOUrTRG in the net section at the lower east side of the member. plod 
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RIVETED CONNECTIONS 


At the of Primary failure; an break The of 


— the southwest angle passed ehrdugh the two rivet holes in the outstanding leg 
ee, a and then to the second rivet = the batten plate, but it did not tear comunity cS 


= 


(26,200 Ib per sq in. on the gross area). When the load was raised to 400,000 : 
lb, the east angles developed Liider’s bands at the lacing rivets. A maximum ~ 
toad of 444, 000 Ib 61, 700 lb ‘Per sq in. on the net section, 38,800 lb per sq in. on 
nal average shear stress of 36,900 lb per sq in.) 1 was i 
“4 reached. At this load the east angles failed through the lower net section. _ @ 
Specimen DP1.—The lower east gusset began ‘showing Liider’s bands or 
_ yield lines in the whitewash at 275,000 lb. When the load was raised to 300,000 s 
a. lb (26,200 Ib per sq in. on the gross section), the outstanding legs of the east a 
angles developed yield patterns at the net section. The maximum load was 
439,000 Ib (61,000 Ib per sq in. on the net section, 38,400 Ib per sq in. on the 7 x 
ss gross section, and a nominal average shear stress of 36,500 lb per sq in.), and 


near the first-row rivets when the load reached 300,000 


plastic flow of the the rivets was apparent in specimen 
i DP2. Liider’s lines developed in the angles at the lacing rivets at 400,000 Ib. & 


= The maximum load reached was 449, 000 Ib (62,400 Ib per sq in. on the net sec- 4 
ily tion, 39,200 Ib per sq in. « on the gross section, and a nominal average . shear: stress ee 
[Sie of 37,300 lb per sq in.) when the top west angles ruptured at the toe. Asthe 
i load dropped, the lower east joint began to tear and there was final failure 
_ through the net section at the lower east side. The secondary (or partial) failure” q 
ae E Specimens. —The type E specimens were also of the laced- I design & 
= had 5-in.-by-5-in.-by-}-in. angles. ‘The details of this type are shown in = 
‘Fig. 20). _ Because of the marked differences in behavior between the drilled 
om punched specimens, and because of the repeated tests that were necessary =— g: 
‘on the drilled specimens before final failure, the tests sof this group of specimens a 
be described in somewhat greater detail. 
Specimen ED1.—Three tests were on specimen EDI. im the first 
—_ ~ test when the load had reached 250,000 Ib, Liider’s bands appeared « on the lower q ss 
Pgs i east gusset at the last row of rivets. By 500,000 lb (24,600 lb per sq in. on the q 
A gross section), yielding was evident at the first-row rivets of the east angles. - The | : 
eer load was 722,000 lb (60, 500 Ib per sq in. on the net section and 50, 000 


that both lower gussets could be reconnected u using (ASTM 
bolts installed by a torque wrench at 370 ft-lb or more. With the lower a ; 


7 bolted in this fashion, the ‘second test was run on on specimen I EDI. At 
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625, 000 lb both on the east side off. the load 
reach 762,000 lb (approximately 63,800 lb per sq in. on the net section and Ba’, 
2,800 lb per sq in. on the gross section), the upper west gusset suddenly sheared 
- . rivets, which occurred at a nominal average shearing stress of 43,100 lb per 
abl Again the heads of the remaining rivets were cut off, and the rivets were re-— 


placed with high-s strength bolts. The two bolts that sheared in the lower east 1: 
‘4 gusset during the second test were not replaced because in order to do so con- 
siderable reaming would have been necessary. With both joints bolted, a 
third test was run. ‘The maximum load was 811,000 lb (67, 900 lb per sq in. on 
;* d the net section, 56, 200 Ib per 8q in. on the gross section, and a nominal average ~ 
: = stress of 45,900 lk lb per sq in. ), and the tension failure occurred on the lower a 


Aol = 
day 


SW 


fir bolts) i in the outstanding legs and a 8 

bi 
Specimen ED2. —Four were run on specimen ED2. At 500, 000 

' + (4, 600 Ib per sq in. on the gross section) during the first test, faint Lider’s lines — 


were noticed at the first-row rivets on the angles. By 600,000 lb, yield bands 
had at the rivets. The load was increased in to 700 000 


= to 600,000 lb to permit safe removal of the specimen failed 
. in shear, as it was reloaded, at 698,000 Ib (58,500 lb per'sq in. on the net section 
- ‘and 48,300 Ib per sq in. on the gross section). At 700,000 Ib the average nominal 

‘shear stress on the rivets had been 39,600 lb persqim. 
_ For the second test the rivets in the lower gussets were replaced with com- 
mon n bolts, relatively high tensions. he had 
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average strength of 66,230 lb per sq. in. on the mean root area The 


_ two first-row bolts in the east angles sheared at. 525,000 Ib and at 618,000 Ib. 3 


a _ sheared, immediately after which: all west bolts in the bottom east joint also a 

the third test the lower joint: was welded with full-length fillet welds 
along the toes and across the ends of the angles. No weld was placed a across the 4 : = 


edge of the gusset near the first-row holes. The “fitting-up” bolts were left in 
a place. As the load réached 774,000 Ib (64,800 lb per sq in. on the net section MS 
~~ _ and 53,600 Ib per sq in. on the gross section), the rivets sheared at the top east 

;, _ gusset at a nominal a average shear s' stress of 43,800 Ib y per | sq in. . Ther relative | 


| 


shear deformation in the rivets and bolts along the length of this member a ; 
ae ’ indicated in Fig. 8. The fasteners in the first rows withstood extremely large : 


distortions without failing, and the | deformations along the line of rivets were 


_ far from uniform. In addition, a slight necking of the angles at the first row 

As had been the case for the lower joint, the upper joint was welded. The — 
specimen was tested a fourth time, and failure occurred with the tearing of i ' 
angles at the ends of the weld at the lower east joint at a load of 796,000 lb 
(66, 700 Ib per sq in. on the net section and 55,100 Ib per sq in . on the gross 7 


hun Specimen EP1.—As the total load « on specimen EP1 approached 450,000 Ib — 

(31,200 lb per sq in. on the the gross section), Liider’s lines indicated yielding at 
the first-row rivets of the east angles. _ Yield bands appeared around the lacing = 
eo. on the inside legs of the angles at 500,000 lb. The maximum load ob-— 
tained w was 738,000 lb (61,800 lb per sq in in. . on the net section, 51,100 lb per sqin. 
_ on the gross section, and a nominal average shear | stress of 41 ,800 Ib per sq in.), 43 
at which time the toes of the east angles ruptured at the first row. A secondar 4 
_ failure was discovered to have begun at a rivet in a west ; angle at the top joint. q 


+f ~ Specimen EP2.—As a load of 550,000 Ib (38,100 Ib per sq in. on the gross me 
d guetitin) was reached, Liider’s bands were noted at the last-row rivets of th - 


- gussets and at the first-row rivets of the angles, indicating balanced yielding in “- _ 


_ the member. — er. At 600,000 Ib, y yielding w was indicated around the lacing 1 rivets. 
_ The maximum load reached was 733,000 Ib (61,400 lb per sq in. on the net 3 
- section, 50,800 lb per sq in. on the gross 8 section, and a nominal average shear 4 


‘Table 1 shows the areas and properties f the various specimens, and Table 
af 5 indicates the ultimate lo loads, type and location of the failures, and specimen 3, 
“pa Because stresses are used more generally than strains, the strain data ob- _ 
tained i in these tests are presented in terms of stress. Such an analysis must 
P be limited necessarily to the range of loads for which stress is proportional - 
strain. This method of presenting strains in terms of a stress level should give 
oo a clearer understanding of the behavior of the members. However, ‘it should 
dl be remembered that a stress obtained in this fashion represents only the stress — 
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FAILURE at Top a soTTOM Lacine RIVET, _east SIDE 458,00 ,000 
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FAILURE AT TOP LACING RIVET, WEST SIDE 462,000 
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‘in the member at mer location, as the recorded strain can ‘Tepresent 
_ Distribution of Load to Pull Plates. —The load in each pull phite was com- 
puted by assuming a parabolic strain distribution in order to determine at an 
average strain and by using a modulus of elasticity, Z, of 30 X 10¢ lb per sq in. 
‘The loads 3 for bott both pull plates at the top and bottom co could 1 thus b be cn = 
es a check was made of the actual load applied to the s specimen. By & com- N 
_ parison, at one end, of the load on one plate to the total load carried by both 
plates the percentage of load in each gusset plate was obtained. . The distribu- 
~ tion of load to the pull plates obtained in this manner is shown in Figs. 9 through — 
In Figs. 9 9 through 12, the average stress on the gross section and the total a 
“oad is plotted against the percentage of load in the pull plates. The ultimate 
load is also shown together with the manner of failure. From these plots it i 
_ can be seen that near the ultimate loads the load distribution to all four gussets a 
had approached 50%. oN one had a distribution that was more than 5% a 
ent in spite of highly unequal distributions at earlier loads. For this reason | 
it is felt that the ultimate loads were the variations in n load 


one 


distribution may have increased the deformation of one side of the specimen. 
over the other side, and, thus, may have had an effect on the point of failure. 


a W ith few exceptions the point of failure ae or west, or top or bottom) can 


hoo in 1 spite of a later redistribution of the gusset- Mate loads. aden 
_ BPI (Fig. 10(a)) failed on the west side even though there was heavy initial 
loading of the east gussets. At the loads near the ultimate, the west gussets, 
- particularly the top west gusset, carried an increasing share of the load, and the 
top west gusset finally took more than half the load. Although the primary 
failure occurred on the west side, it is found from the test description that the 
east: side actually 1 ruptured first. This exception agrees with the correlation 
-hetwesn the location of failure and the initial load distribution in the gussets. 
- Specimen CD2 (Fig. 10(d)) als also failed at the top west joint despite higher | gs 
loads in the east gussets. Although it is not known which rupture occurred 
first, this specimen exhibited a primary failure at the top west joint and a. q 
Specimen DD1 (Fig. 11(a)) also to be an exception. "However, 


gusset, following the indication of | Fig. where, at approximately 

- 350,000 lb, the west gusset ‘carried a higher percentage of the load near ultimate. 
The secondary failure occurred at the bottom east gusset, reflecting the effect of 
the general tendency for the bottom east gusset to carry a large percentage k 4 
of the load during most of the test. It is believed that the initial appearance 

_ of compression in the top east gusset of this specimen was partly a result of ie 
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4 ail Load-Strain Relationships.- —That the word “stress” means that which 3 is at 
_ the gage point and not an average stress is important in order to understand the — _ a 
ing subsequent material. The type A specimens will be considered first ; the type C 
= "specimens, second ; and the laced members, types B, D, and E, will be analyzed 
¥ ‘Type A Specimens.—The stresses in the angles of specimen AD1 at the four 
strain-gage locations are summarized in Table 6, in which it be seen that. 
LOLA TABLE 6.—ANGLE STRESSES IN Specimen ADI 


= 


i Stress, 1n Kips Per Sq IN., IN THE 
ross area, 


in kips per 
sqin, 


Ratio, | “7 


| 


= 68 wad 


= both the east angles have higher stresses than the west angles. This is as should 
be expected from the load distribution shown in Fig. 9(a), in which, to as much bt 
as 600,000 Ib, the east pull plates carried about 60% of the load, or approxi- — 
‘mately one and one-half times that in the west plates. _ This same relative dis- Be 
tribution is evident in the angle stresses. treme 1g Bb oop ti 
Because the four angles were not equally strained, the batten plates and 
webs connecting them must have developed shears and thus introduced addi- 
ad ad TABLE 7.—ANGLE Srresses AD2 


Srress, Kies Par 8q IN., In THE © sak oil 
Gage 81 | G Ga Gage $3 | Gage 84 | | 


in kips per 


sq in 


182 
orf 


BRBES 


nidite 


tween the east (60%) and the west (40%) sides of the specimen were assumed to — ay 
be taken by the batten plates only, at 500,000 Ib the 100, 000-Ib- total shear at, a 
would be distributed to the four batten plates; thus giving a computed unit —_ 
% shear of less than 4,500 lb per sq in. However, the load distribution to the two 
e sides of the specimen became more nearly equal when the ultimate load was — 


ol 


app proached, 80 that the shear on n the battens did not increase | proportionately. 
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ks Similarly, inspecting the diflerences in strain and the relative areas involved. 
_ indicates that the unit shearing stresses in the webs would probably be fro om 
~ one-fifth to one-tenth of that in the batten plates and would not be significant. 
' The strain data for the angles of specimen AD2 shown in Table 7 reveal that 
* the northeast angle was the most highly stressed, whereas the others appear to be 
Zz equally stressed (or strained). Fig. 9(b) shows that the loads’ in all 


pull plates of ADS were approximately equal . As a result, the shears i in the 


ess important than those in specimen AD1. 

on inspection of the strains it in the web plates of both type A specimens — 

showed that little bending occurred in these plates at mid- ‘length. Because _ 

the strains on both sides of the web plates were similar at a given load, strains at 

“the center of each web plate have been averaged and converted to a stress at 

_ that point; these web stresses are given in Table Se. seo hes po 


2 


TABLE 8.—Wes STRESSES AT CENTER OF WEB 


 SrREss IN ADI, “Stress AD2, IN 
Average | Per Sq ix. ri Pzr Sq in. 
| 


‘ty s Table 8 seems to show that the webs of these box members tended to be 
~ a more than 100% efficient—that is, to carry a a higher stress (or share of the total 
o. * load) than would be expected from the average stress on the net section of the 
7 specimen at that gage location. The uneven distribution of stress to the webs 
and angles causes this to appear thus. However, the web efficiency of these 
box members would be greater than that of I-beam webs"? | because of the direct a i 
+i transfer of load from the gussets to the webs in these box sections. Oe aa | 
Rehien, comparison | of the stresses in the angles and webs of the type A specimens 
indicates that the webs of specimen AD2 were probably less effective—that i is, 
had less strain at any given total load than the specimen AD1 webs. Conse- 
= quently, for AD2 there was probably less shear on the rivets connecting the F 
gusset to the web (excluding those rivets that also connected the angles) and 
a. more shear on the rivets connecting the angles to the gussets than for ADI. a 
‘This may account, at least in part, for the different modes of first failure for _ 
_ AD1 and AD2 (AD1 having had a complete shear failure of the joint and AD2 — 
a a shearing only the outer gusset-web-angle rivets). Another factor which may | 


liggd %*“*A Study of the Behavior of Large I-Section Connections,” by J. R. Fuller, T. F. Leahey, and W. H. 
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contributed to the difference i in behavi ior the variation in ductility of 


the of the small of g gages s and the: stress 
TABLE 9 Srresses at ror Type C 


ass | 


gross area, 
in kips per 


one 


27.90 


8 


| 


20.58 
— 


4 


a 


- concentrations caused by the stitch | rivets, a thorough analysis of the strains zs, 
It is interesting note that the average loads in the west of 
both members, as shown i in Figs. 10(c) and 10(d), were approximately 80% of | 
: the loads in the east sides at total loads of from 50,000 lb to 400, 000 Ib. This part” 
: - ratio differs considerably from that obtained on the basis of the strains in the 
measurements are not available TABLE 10.—Loap PROPORTION on East 
to explain this difference, it is Sipe CoMPUTED FROM ANGLE SrRaIns 
sulted from an initial ts 
proportion 
in the: specimens. peo 
of the load-strain relationships 
for the laced-specimen types B, | ae 
D, E have been combined be- 
7 ilar. Although the lacing configuration i is not. the s same (east 1 to west) at mid-— of 
“height for the No. 1 and the No. 2 specimens, no change was made in the pel 
numbering of the strain gages. T hus, for example, $3 and S4 will always desig- oa 
nate those gages opposite the point on the angles at which there was a lacing — 
rivet, and readings: of these gages may always | be compared with other S3 and 
$4 gagesonsimilar specimens. O08 uf 080 16 
_}e _ By converting the ratios of strains in the two sides of the laced members to — 
percentage of le load, i it is found that 25,000 lb and 000, the east 


— 
2 ,alvais it the strai data tor hoth anecimens 4 
Total: 
200 1029 
. 250 | 1286 
J 4 
— 
— 
ae 
e 
1 


4. 

ximately 60% and the west sides 40% of ‘the total — 
7 — load. However, the load distributions based on the strains and given in Table 

ea appear to be slightly higher than those obtained from the pull-plate mea-_ 

surements shown in Figs. 9(a), 9(d), 10(a), 10(6), 11,and 12. This relationship 


Ultimate loads: —— 


498 kips 
BD2 500 kips 
BP1 462 kips 


B 
B 458 kips 


(a) TYPE 


sqin. 


/ 


1000 Ib, 


—+ Ultimate toads: 

pa DD1 450 kips 

DD2 444 kips 

4 DP2 449kips 


Nays 


j 
1 


‘ “i Average stress on gross area, 


wk 
NB Be 
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ultimate loads: 
3 722 kips 
(©) TYPE E 700 kips 
[A 
@NITIAL TEST) 738 kips 
Compression Tension Compression 
’ re Average stress, 1000 ib/sq in. 
be LACING BARS ECON BARS 
RS FOR Type B, D, E Specimens 
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By comparing the measured strains in all laced members, it was seen that a 
s there was little difference in the average strains at the mid-length gage locations — 
for loads of from 25,000 Ib to 300,000 Ib whether the specimens were drilled or _ 


« 


that had failures other 


— 

is similar to the variation noted also for the type C specimens. daowodt 

— 
a 
— 
—— punched. A comparison was also made of ultimate loads for the four pairs of aa 
— laced specimens { 
—— 


shel 


3% less than those. at which the punched specimens failed at the net caine 7 ie 


approximately the same as the value of 0.99 obtained by comparing the strains. 
If the strain-hardening effects of the multiple loadings on specimens ED1 and 
ED2 were neglected, and if their final fracture loads were used in computing - 
the ratios, the ultimate loads of the punched specimens with lacing | would be 
95% as great as those of the drilled specimens. sult 
_ ‘The ultimate strength of the punched specimen DP2 exceeded that of its P 
= drilled counterpart, DbD2, and both failed in tension in similarfashion. = 
Lacing-Bar Strains. —Each of the two upper lacing bars of all the laced lspeci- 


a se one on athens side. A determination of the ‘magnitude of the stresses in the 
- lacing bars could therefore be made. - There was little bending of the lacing 


_ throughout the range of loading. Accordingly, the readings of the two strain 


= i gages on each bar have been averaged and converted to stress on the gross 


section of the bar, The e results of these computations are presented i in Fig. ‘13. : 
Curves are also-shown in Fig. 13 for the theoretical stresses (elastic range 
- only), which are equal to the nominal! stresses in the angles multiplied by the 


- BB naay the cosines of the angles that t the lacing bars made with the axes of the f 


member. ‘The : stresses in the top lacing bars differed from the theoretical 


tresses because of the complex end effects and the unequal distribution of load id 


_ to the members. ‘The same factors also affected the e stresses in in the second lace a ; 


ing : bars but to a lesser. degree. Iti is felt that for a long member the central - 


lacing bars would be ‘stressed generally at a le level el approximately equal to that a 


me 


_ The lacing bars of both No. 1 specimens behaved differently from those of : 
the No. 2 specimens. Because of this consistent variation, it is believed that 
orientation of the he specimens i in the testing machine produced such & a dissimi-— 
_ Fig. 13 shows that at working loads the stresses on the lacing bars were less z 

than 10, 000 Tb per sq in. . on the gross section of the bars. wr oll loads about twice — 

‘the design load, the stresses on the gross section of the lacing bars reached from sg ne 
15,000 Ib per'sq in. to 20,000 lb persqin.insomecases. 

- __A variety of failures was obtained with the laced specimens. The type B 

‘Specimens failed at lacing rivets in the middle of the ‘members; the drilled type 

| specimens failed initially in shear and, subsequently, in tension at the net 

section; and the punched type EB i specimens and all the type D specimens failed 


fractured at the side of the connection at whioh the lacing bar terminated. The © 
_ Temaining five fractured at the side of the connection opposite the lacing bar.. 7 
the onion of the lacing did not seem to the location of 


. 7 x gave an average of 96% for the ratios of loads of punched to drilled members 4 ie 

4 versus 99% for the ratio of drilled to punched average strains in the twelve io a 

four type E specimens were not included in this ultimate-load come 

parison because the two drilled speci heared their fast tloads about — 

7 arison becaus e two drilled specimens sheare ir fasteners at loads abou ia 

— 
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Load- Defermation Relationships made o of the over-all 4 
_ deformation, the slip at the first and last rows, and the lateral movement ofthe  — 
upper pull plates. For the analysis of the over-all deformation, the four read- 


ings from the duplicate specimens were averaged, thus a comparison 


a load distribution shown in Figs. 9 through 12. Where the east pull plates were 
= more heavily loaded, the: east deformation was greater. Just as the loads in the 
plates became mi nearly. equal as as the loads | approached the ultimate, the 
deformations of the two sides of the specimens became more nearly equal. 
al _ Although the differences in | loading on the two sides introduced a smaller de- _ 
- formation on one side than on the other, the average deformations in Fig. 9(a) 5 


= give a general indication of the relative behavior of the various members. = 
Fig. 14(a) shows that at a given load the punched specimens of any ty ce q a 


a (shown by dashed lines) deformed less than did the similar drilled specimens. 
‘This was particularly true of the loads above the normal design range. __ aD a 


- 


AVERAGE OVERALL DEFORMATION 


area, 


14. Berween Loap AND DEFORMATION AND Sur 


a For the sixteen specimens / tested, the over-all deformation at a ‘stress of 
15,000 lb per sq in. on the gross gross section (approximately 20,000 Ib per sq in. on 
the net section) varied from a minimum of 0.025 in. for the BP specimens to a 
maximum of 0.059 in. for the AD specimens. — Because for these members there | 
were only 32 in. between the first-row fasteners, the usual elastic analysis 
7 (based on the gross section) yields a computed deformation of 0.016 in. for the = 
member i itself. Howev er, the actual deformation would be slightly larger. 
this | reason slip at the first rows and. deformation along the length of the two ail 
“ll joints should account for the balance of the movement, or about 0.01 in. for “7 7 
the BP specimens and 0.04 i in. 1. for ‘the AD specimens. In Fig. yan it is found — ‘ 
that: at the two first Tows 


1.000 Ib/sq in. 


Average stress on gross a 


— 


a 
= 0. 03 i in. Therefore, the average slip and deformation in the iwe connec- 


tions of a specimen were approximately — to the computed deformation of mi 


vee V 


a truss. Such an assumption, although approximate, is 
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he For a given specimen, 1en, slip at the first row was obtained at six separate sichlit _ 


- ‘The measurements at all — reflected variations in the distribution of load 


and specimen configuration. By averaging all six first- row slip readings of one ke 
: specimen with six from the identical specimen, Fig. 14(b) was obtained. Again: 


it is evident that at any given load the punched specimens generally | underwent, 
= less average deformation than the comparable drilled specimens. — By taking 7 
_ the scale of Fig. 14 into consideration, the slip in the two joints is shown to be a 
7 equal to approximately one-half of the over-all deformation obtained from ee 3 
The measurement of slip at the last row w of rivets yielded only relative i in- q 
- formation on the deformation. These measurements at the end of the joints f, 


Se with all “slip” measurements taken) included not only slip but local defor- 


comparable with the other slip data. Nevertheless, the deformation of the 
_ punched specimens at the last row of rivets was again less than that of the Dy 
Failures —Only eight of the sixteen specimens failed initially at the net 
section. - The other. eight fell into two groups—those that failed in shear and 
; thant that failed in tension at points other than the net eee q 
It has long been’ impossible to analyze the behavior of riveted joints in an a 
exact fashion. ~ Many attempts have met with only pa partial : success because of the 7 
variables affecting this behavior. As early as 1867 J. W. Schwedler showed that 
the e behavior « of a riveted joint at working loads was dependent on the friction, —s 
thereby extending the observations made by Edwin Clark? i in 1850. - This dis- 
covery has been reported repeatedly, and at one time, according to Arthur au 
Francis," German specifications us used joint f friction as & basis for design. How-- 
ever, the friction that will exist in a given joint i is difficult to predict. a This fact % 
ed engineers in the United States to continue using design methods that do not 
4 _ utilize friction but which, instead, are based on the areas required for = 
shear, an and bearing. to ogy? bowdeettan aff) 
most common specifications,284 which are based on many years of 
me ‘s experience, assume that designs will be made for equal partition of the load to the 
i. fasteners in a joint and specify the use of nominal unit stresses. . Some inves: 
tigators have presented statements supporting this practice.>* However, 
__ have questioned the validity of the assumption when a ¢ connection is very long.” 
Francis," C, Batho, 18.19 and others’ present observations and eomputetinns 
that indicate that, depending on the number of fasteners in a line, the end onsandil 


“The Behavior of Aluminum Alloy Riveted Joints,” by A. J. Francis, Research Report No. ie 
Development Assn., London, 1958, 
12 “Specifications for Steel Railway Bridges, for Fixed Spans Not Exceeding 400 ft. in Length,” 


“Standard Specifications for Highway Bridges,” A.A.8.H.O., 1953. 


4 “Specifications for the Design, Fabrication and Erection of Structural Steel for Buildings (Riveted 
Bolted and Arc-welded Construction),”’ in “Steel Construction,” A.I.8,C., 5th Ed., 1955 (revised 1949). 
15 “Work of Rivets in Riveted Joints, by A, Hrennikoff, Transactions, ASCE, Vol. 99,1934. 
ont “Tension Tests of Large Riveted Joints,” by Raymond E. Davis, Glenn B. Woodruff, and Harmer — 
E, Davia, ibid., Vol. 105, 1940.” wot wos 
17 Discussion by A. E. Richard de Jonge of ‘Tension Tests of Large Riveted Joints," ibid., p. 1284. 


18“Riveted and Bolted Connections,” by C. Batho, First Report of the Research Com- 
mittee, Dept. of Scientific and Industrial ‘Research, 1981, pp. 100-1138, 
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NNECTIONS 


of a lela may take from 2 to 15 times the load ren by the innermost 
rivets, and that this may represent actual rivet loads of from 1.2 to 2.8 _ 
that assumed i in design. Batho"*®-” further suggests that i increasing the rivets 
ina line e to more than five does not materially reduce the load on the end rivets. 
a Despite the fact that such elastic analyses are not completely suitable for the 
prediction of the load partition to rivets because of joint friction, the change in 
joint behavior and slip throughout the range of loading, and the impossibility 
_ of obtaining an ideal joint commercially, they do emphasize the error in ~~ 
D 3 suming equal load distribution. Experiments on conventional joints have indi- — 
cated that load is only partly redistributed after yielding and slip occur. _ 
” Because of the unequal distribution of loads along the length of long con- 
nections, & shear failure of the rivets may be progressive. However, progres- : 
- ‘sive failure may, in reality, be so sudden that the eye cannot detect the 
= 


quence of failure. The first rivet fails most likely after gradually reaching 

a large deformation. When it fails the load is suddenly shifted to the next 
rivet, which already has been deformed nearly enough to cause its failure. The + 

shock or impact attending the load transfer shears this second rivet immediately, 
seemingly, the rivets a allfailatthesametime. = 


Fic. 15.—Secrion anp Ciosz-Up Atone Ovrer Lin 


program. joint each pe of specimen with ‘each 
‘ method of hole ig “etm was cut from that specimen and sectioned at the 


The ‘unequal rivet and the inequality in the partition 
of load, | which caused the premature shear failures i in the type As ‘specimens, 7 ¥ 


center line of the joint experienced small two end 
eae shear ¢ deformations of only approximately 0. 08 in . The end rivets .5 
of the second line deformed approximately 0.10 in., and thon of the outer — 
line deformed about 0.32, in. The latter deformation may be seen in vig. 
10(a), and an n enlarged 1 view of the first rivet is shown in Fig. 15(b). r One: might 
4 note how the sharp corner of the hole in the web had deformed the rivet at the — 


hie" cpned plane and how the severe bending had begun to pry off the rivet 


‘The end rivets were the most highly deformed in the sectioned connections. 


_ addition, the inner rivets ts frequently had comparatively low deformations, — 
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Rivers CONNECTION 


ren the punched. specimens were less def deformed those of s 
poner once the holes of the latter type became enlarged more than those of the ‘ 
punched specimens, and the first-row rivets of specimens CD2 and EP1 (both 
_ with ten rows) were probably deformed to such an extent that the ultimate | 
strength of the end rivets had been reached. Further loading of those two Pi 


would probably have failure of the cay 


on should not be made between the riveted and bolted coor 
_.. $Shear failures »s occurred in the AD and EDs specimens, all four of which were © 
‘" drilled and fastened with j-in. rivets. The rivets of the AD specimens were iy 
hand-driven, but those of the ED specimens were Machine-driven. 


TABLE 11,—Approximats Maximum NominaL SHEAR ON Rivets _ 


Maximum 
Percentage Estimated ‘Shear: area, one 
of loadin maximum gusset, nominal unit | 


J _ shear, in pounds 
gusset square inches per square 


a(t 1646 
7.2 
pe 


4 From Table 4 it can be seen that the undriven }-in. rivets and rivets 

“exhibited an average nominal ultimate shear strength of. 48,200 lb per sq in. 
and 44, 000 lb per sq in., respectively. Several investigators” have shown that a 

4 driving | increases the shear strength based on nominal diameter by as much as a 

33%. After driving, similar | increases have been noted also i in ‘the ‘tensile : 
strength of rivets. Because the properties shown in Table 4 are for undriven gq 
7 rivets, one would expect that the ultimate rivet in nthe. 


might be as much as from 15% to 207% higher. — ie 
the ultimate are given in | Table | based on 
Bi: of load to the east and west pull plates just before failure. nots pest insd 
_ The only specimens that failed in shear were AD1, AD2, ED1, and ED2 
Pe nominal unit shears (Table 11) at failure of the type A and type E speci- 


Bruckner, and T. H. McCrackin, Buildin Eng. Station, Urbana, 


“Tests of Riveted and Welded Joints i in Low-Allo: Structural Stecls,"” by W. M. Wilson, W. H. b 
September, 1942, 
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CONNI ECTION 


from Table 1 it the ratio of 1.0:0.65 

is. considerably less than the ratio of 1.0:0.75 allowed by current specifications. - 
Because the nominal shear stresses were not excessively high, could the 

- cause of failure be combined tension and shear caused by the bowing « of gussets 

andwebs? William H. Munse, Hugh L. Cox, and T. R. Higgins have shown*+?? 

’ _ ‘that a rivet that is subjected to 0.8 of its ultimate shear stress is able to resist 
oa 8 tensile stress equal to approximately one-half its ultimate tensile stress. Aa 
Therefore, it appears unreasonable to assume that tension plus shear could have | 
the principal cause of failure. . In the joint deformation, it 
appears that the shear failures of the type E and type A specimens were due to ef 

two causes, singly or in deformation of the end rivets 
7 in a long joint and failure to distribute the | rivets on gage lines in proportion be 
to the cross-sectional areas, The has been raised 


=~ 


‘ Because the type A joint was only seven rows lene, - effect of the length 


of joint \ was probably minor compared with the second effect. A comparison 7” 
of the distribution of area to the five lines of rivets indicates that the outer rivet 
~ lines each connected 3.42 sq in. of net area, or 34.1% of the total. The three 
- inner rows each carried 1.06 sq in., or 10.6% of the total. ‘ This crude | analysis 3 
_ shows immediately that the material i in the two outer lines of rivets contained 
> 68% of the net area of the joints but only 40% of the rivets. F rom the maxi- _ 
= gusset lo ad for the type A specimen as given in Table 1, the unit ; shear 
= 


on the outer lines of rivets would be 


65,900 900 1b per sq in an 


—— 


of load after yielding. However, this computed u ultimate shear 
stress is only approximately 37% greater than the ultimate shear strength of _ 
a the > undriven 1 rivets. As noted previously, the driving could have produced an 
a increase of as much as 33%. Only the rivets in the angles of specimen AD2 
4 sheared and then the web tore, indicating that the shear on the outer lines of 2 ; 
rivets was excessive. Consequently, it would be desirable to proportion 
rivets i in such a connection on the basis of the contributing cross-sectional areas 
_ in order to equalize more nearly the loads on the rivets. ee 
Redesigning th the type A specimens on the basis of area distribution, “Main- 
~ taining the same net section and approximately the same number of rivets, 
would give twelve rivets in each outer line and four in each inner line. Such a 
_ joint would not be acceptable to many engineers because of the excessive e length 
6 — of the joint and the large } pitch along the inner lines of rivets which would make 
_ them less effective. One method of reducing the length of such a connection 


_ proportioned on the basis of area would be to increase the rivet diameter. An- 


“The Static Strength of Rivets Subjected to Combined Tension and Shear,” by W. H. Munse — 
¥ bs On, Bulletin No. 487, Eng. Experiment Station, Univ. of Illinois, Urbana, iil. , December, 1956 
Record, De Much Stress Can a Rivet Take?” by T. R. ant W. H. Munse, 
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RIVETED CONNECTIONS 
other would be tl the use of lug or clip angles. However, to: tse. the latter to 
transfer some of the load from the member to the gusset may not be a satis- 
ae _ factory solution in view of the observations of Lawrence T. Wyly,# M. ASCE, 
- Thomas C. Shedd,* M. ASCE, and others. The use of clip angles has oll 
examined by few investigators and might well receive additional attention. 
a As noted previously, drilled specimens EDI and ED2 failed i in shear — 2 


a In literature on the strengths | of joints prepared by drilling and ouinn. 


sumed that tension failures would occur also for all the E specimens. 
~ However, the » design of the latter resulted i in joints that w were closely balanced : 
b with respect to shear and tension. This balance was affected by the method of 
hole preparation. The punched I holes actually provided stronger joints than the | 
drilled holes. _ Interestingly enough, this same paradox had been noted in 
os As was noted d previously from Fig. 14, the performance of all the varied 
wt specimens at any given load was better than that of the nee rtte — 


a unit ouuead stresses equal to or - greater than those that caused rivet failure for ra] 
the drilled specimens. One reason for this difference in shear strength may be 
* the sharpness of the edge of the drilled | holes. _ Another may be the keying ace 
_ the connected parts by the punching. These burrs, under the forces a t 
_ by tension in the rivets, may act as shear keys and impede the the shearing defor- 
_ _However, why did the drilled type E specimens fail in shear when they were 
overdesigned i in order to assure tension failures? — The highest 1 nominal unit 
_ shear on the drilled type E specimens was 46,000 lb per sq in., whereas the i 


is made for an increase in strength due to driving, it is found that this shear was yo 
oe only 95% of the ultimate. © However, with a moderate increase in strength of a % 
. only 15% from driving, the nominal shear in the connection would have been 
of the expected ultimate. One factor that might result in such an 
anticipated failure is the length of the joint. Jonathan Jones, Hon. M. ASCE, | 
_ cautioned” that Perhaps the unit shear that was allowed for 4 a long joint should Md ou 


=m 


Study of the Behavior of Floorbeam by L. T. ow” M. B. Scott, | L. B. McCammon, 
em 


and C. W. Lindner, Bulletin 482, A.R.E.A., Sept r-October, 194 nth age 4 
a ‘Structural Design in Steel, »”" by T. C. Shedd, John Wiley & ‘all Inc., New York, N. Y., , 1934. 934, 
a 8 Discussion by Jonathan Jones of ‘“Tension Tests of sc Riveted Joints," by Raymond E, Davis, — 
B. Woodruff, and Harmer E. Davia, Transactione, ASCE, Vol. 105, 1940, p. 1254. 7 


— 
tension, although many investigators have held that drilled joints are preferable. 
|= ‘Table 11 shows that the average nominal unit shears on the rivets of the __ 3 = 
spec) y eate ace nominal s a 
because most of the investigators have designed their joints to assure tension 
; 
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— of these tests and other test data, it appears that awe approximately eight nthe 
& can be placed in a line if they are to develop their full collective shear | “i 
- strength. _ At working stresses in which the load i is carried principally by fric- < @ 
=: - tion, longer joints behave satisfactorily but may give a false sense of ultimate 
because of their reduced ultimate shearing capacity. Ind? ebool a 
. - Two types of tension failures warranting attention are » the gusset-plate 
failures of specimen AD1 and the failures at the lacing-bar connections for al- — 
4 four type B specimens. The final gusset failures of AD1 were largely the result “4 
the relatively high stress concentrations. Several other 
have shown the importance of these stress concentrations. The gusset-net. 
section area (35.63 sq in.) was 176% of the net section of the specimens and 
would have been more than sufficient had the gussets been narrower but thicker 
As shown by Lider’s lines in the whitewash, the stress concentrations caused 
yielding of the gusset at the last-row rivets at a load of 400,000 lb. Thiscrude 
— evaluation suggests a stress concentration: of slightly more than 3. The gusset 
plate tore at a nominal average stress of about 35, 000 Ib per sq in., which is 
_ higher than that reached by any other specimen. In the test of ADI it was 
noticed that after the first shear failure at 1 ,155, 000 ‘Tb, the east: gusset had 


~ 


failed before the rivets of the upper joint thewwell. wh However, the upper joint 
_ of AD1 was near the point of shear failure, as shown by the joint section 
im Fig. 15(a) and the rivet in Fig. 15(0). at The loss of this rivet head at the 
first row would probably have initiated a progressive shear failure ee 
remainder of the joint. tlaupe Jinn 
The other type of unexpected tension failure w: was that shown by the type B- 
‘a specimens. © - The net section of two angles at the first row of rivets was 4.31 sq 
: « in., , and failure occurred in the two angles at a point having a net area of 4.97 
sq in. (15% greater): reason for this unusual failure was the effect of the 
lacing bars, which actually contributed to the failures. There were three laced- — 
specimen types, but only one exhibited this unusual pattern by 
i The type D specimens had a small net- ~area-to-gross-area ratio—63%. The 
type B specimens with the same size of angles, rivets, and lacing bars had a 
- net-area-to- -gross-area ratio of 75%. Thus, failures at the net section would be | 
aa expected to occur in the type D specimens at lower total loads because both 
_ types had the same cross section at the lacing rivets. The foregoing is one 
_ explanation: of why the type D specimens were more likely to fail at the net a 
a section than the’type B specimens. A second reason lies in the contribution 
of the lacing bars to the loading in the angles. Some of the bars in the type — 
iB B ‘specimens exhibited stresses that were somewhat greater than those in the 
type D bars. These tensile forces acted as concentrated loads at the lacing 
thereby further stressing the member which were Gundy sub- 


= 


id “Experimental of ‘Stresses in Plates, ” by Whitmore, Bulletin 16, ‘Eng. 
Experiment Station, Univ. of Tennessee, Knoxville, Tenn., May, 1952. 
gs ‘Comparative Test of a Structural Joint Connasto’ with High-Strength E Bolts and a ‘Structural | 
_ Joint Connected with Rivets and High-Strength Bolts,” by J. W. Carter, J. Ne oe. and L. T. Wyly, | 
Bulletin 617, Report of Committee | 15—Iron and Steel ‘Structures, AR. E.A 1954. 1954, 
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@ jected to axial tension. ‘The bending stress the 
_ the tensile stresses on the toes of the angles at the lacing rivets, and the com- oe 
_ bined stresses caused failure sooner than would have occurred otherwise. i pai 
__. By an approximate analysis, the conditions that would have had to exist 
induce failures at the lacing connections can n be determined. pli At failure 


analysis. i is in reasonably good with the maximum stress 


measured at the lacing bars and shown in the right half of Fig. 13(a). By a 

similar analysis, the type D specimens would have required a lacing-bar stress — 
- of about 8,000 lb per sq in. to produce the same type of failure. However, 
- this stress was not reached by any of the lacing bars in the type D specimens. q 
_ Because the type E specimens had angles of greater stiffness than those used __ 
in the type B and D specimens, the secondary effects from the forces in the 
v3 lacing bars were ‘comparatively small. Accordingly, none of the type E apeci- 
mens failed at the lacing connections. Although the lacing bars may have 
affected the ultimate strength of the type B specimens by perhaps 10% or Jess, 


=, did not appear to affect materially the ultimate loads of the type D and 


Lacingi ina tension member i is used to assist in handling i in the field in the 
om thus avoiding local buckling, and to ad just the shears in the member that 
= from unequal loading. Marion Boardman Scott, A.M. ASCE, and J. =. 
Cox indicate” that in actual service each lacing bar of a floor-beam hanger com- 
ed of two 12-in. channels carried a total load of less than 1,000 Ib. | ‘They a 


concluded that for working loads, continuous, properly spaced lacing A ¥ 


i‘ be adequate to tie the main components of the hanger together. _ Wyly had i, 


occasional tie plates did not act as a unit, but rather as two individual members | 
_ were subjected to severe racking stress. On the basis of the data reported — 
herein and the observations of others, when a solid web is not warranted lacing Pi 
bars will provide a suitable tie; however, the web is preferable. 8 83 sa 
_ Although it did not produce failures of the members, a great deal of acelin. 
and bending occurred in the angles and gussets at the outer ends of the type E 
connections. This deformation in the long connections would have been re- 
— duced greatly if the batten Plates had extended the entire length of the joint. . 
4 In the type Band Ds specimens, which had comparatively long tie plates, this 


deformation was not apparent. nay to osbiw Jon 


Analysis of Joint Efficiencies. — —In the United States the three most com- 


: monly used specifications (as of 1958) present the same rule for the computation a 
of the effective net section of a tension member. — Although the wording : differs - 
slightly, the specifications of t the American Railway Engineering Association | 

(AREA),” the American Association of State Highway Officials (AASHO),” 
the American I Institute of Steel Construction (AISC)™ provide what will 


id be: referred to subsequently as the AREA rule for tension net areas. canwionanet 


“A Further Study of the Behavior of Floorbeam Hangers,’ by M. B. Scott and I. W. Cor, Bulletin 


observed that hangers “composed of two channels that are connected with a 
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be ing. However, whether the method of hole preparation is drilling, nn ae nore 
inga and reaming, or punching, all three specifications require t that: “The diam- 
eter of the hole shall be taken as t inch greater than the nominal diameter of the 
O: ae The history of the acceptance of the AREA rule has been conveniently sum- 
e marized® by C. H. Chapin, who also mentions some other rules for net-section 
te! determination used in the 1920's, which specified that the net section along a 

‘i diagonal line of holes should be from 10% to as much as 40% in excess of that 
of along a transverse line.* W.G. Brady and Daniel C. Drucker, M. . ASCE, 


a ~ have shown" that, based on their limit analysis and tests of flat-plate specimens — 
open or plugged holes, the (s*/4 g)-rule corresponds to an approximate 
upper bound at - yielding for a riveted joint. - The so-called modified AREA 
rule differs from the AREA | rule only in that the actual hole diameter is used in 
computing the net width. p ada 
Wilbur M. Wilson, Hon. M. ASCE, Frederick W. ‘Schutz, A.M. M. 
ASCE, s suggested two ‘other design ‘rules, es, which are based on empirical 


“In the case of a chain of holes extending across a part in a zigzag, diag- _ 
a aden or straight line, the effective net section of the part shall be the summa- 
: — of the effective net sections of all the gage strips along the chain of — 
holes. _ No chain of holes shall be considered which has a gage strip with a ; 

bas pitch of or more of the gage o of that strip. aot 

ie opatipest “The critical net section of the part is obtained from that chain which 
the least effective net section, 
pam “A gage strip is the Portion of the part bounded by the longitudinal q 
oa center lines of two successive holes in the chain of holes being investigated. 
A transverse edge distance is considered as one half of a gage strip which - 
a oa has a gage twice the edge distance. The effective net ‘section of a gage ] 

wat strip is the product of the effective net width and thickness of the : strip. al 
: ‘tone bed The effective net width (Wzw) of a gage strip shall be determined by 4 


aw 


Wen =1 1.08 05 0. KH but not more than 0.87g KH 


The Net Section of Riveted ‘Tension Members,” by C. H. . Chapin, Proceedings, ARE.A., Vol. 36, [ eI 


Woodruff, and Harmer E. Davis, ibid., Vol. 105, 1940,p.1193. 


ws “Structural Engineer eer's Handbook, by M. 8. Ketchum, McG Be Co., New York, ‘ 
“Investigation and Limit Analysis of Net Area in Tension,” by W. G. Brady and D. C. 
4 Transactions, ASCE, Vol. 120, 1955, pp. 1133-1154. pained 7 
® Discussion by W. M. Wilson of ‘Tension Tests of Large Riveted Joints,” by Re E. Davis, 


The specifications present somewhat different requirements for angles in 
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YECTIONS| 


g= Transverse: spacing (gage) any two successive holes 
= 0.82 0.0032R but not more than 1.00 eouley ovey 
NG = Reduction i in area of standard control. coupons i in per cent 
= 1.00 for drilled holes; 0.862 for punched holes. 


to the foregoing rule, the following points should be emphasized : 


1: It is necessary to treat each ach gage strip > separately and then to determine a ij 
«2. Actual hole diameter i is used in contrast to nominal connector diameter 7 sl 
marked distinction is made between punched and drilled holes. 


‘ad 4 No effect is ‘reflected i in the formula for varying 
conditions of no stagger and ty ae 


5. The rule sets an upper bound of effective net width, indicating that the 
4 use of a gage s of 1 more than ‘approximately 5.25 times the actual hole diameter 
6. Some estimate of the ductility of steel must be made. 


Test efficiency as used >! P 


herein may be defined as the 
ratio in percentage of the 
es test load to the ex- = 
pected strength of the gross dob 
section based on the aver- 
‘age coupon strength of 
specimen at the critical 
tion. The computed test 
efficiencies, predicted § 
efficiencies, and their 

_ are shown in Table 5 to- ws 

gether with data on the ul- bal 
timate strength of the speci- 7 
mens, AREA design loads, 
and the resulting safety fac- cop 
the design loads to those EFFICIENCY, 


Common 


16.—Comparison oF EFFICIENCY BY AREA 
tabulated values must be Rute AcruaL Test 


From the ratios of predicted 1 efficiencies, i it can be seen that, on the average, 
. the AREA rule ‘predicted values that were 6. 3% high based on initial failure 
loads The ‘AREA rule gave, averaged ‘8. 9% 
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_RIVETED ‘CONNECTIONS 


‘average, for: all drilled specimens s and 2.8% low for all punched It 


only those specimens initially having net-section failures : are considered, it is 
found that the AREA rule gave averages 3.0% high, the modified AREA rule 
a gave values 5.8% high, the results of the relative gage rule for drilled specimens. 
were 8. 5% high, and the _punched-specimen predictions averaged 6. 5% low. 
= oe On the basis of these tests, the AREA rule gave the best agreement for truss- 
"A comparison of the predicted AREA and is 
sented graphically it in Fig. 16 6. if the net-section failures are 


1 


= = 0.245 Wo: + 0.63 (Wo pL tio! 
in which Wg is the gross width of the section; D represents the nominal fastener 
o. diameter plus } in.; ¢ is the pitch or stagger of any two successive holes in the __ 
_ chain; g denotes the gage of the same holes; Wen is the effective net width and a 
represents efficiency. 4 may be closely approximated by 
Wen = 0.875 Wa —= 
lg 7 5 was derived on the basis of the eight net-section failures. From a 
comparison . of the values of efficiency predicted b by Eq. 5 and ‘the: test scien: 
- of for all sixteen specimens, it is found that the predicted values are 2. 4% too oe 
i as compared with 6.3% for the AREA rule. The e eight net-section failures sare 
d predicted a as 0.5% too high rather than 3. 0% by the AREA rule. >. By steal 
Lin 7 Eq. 5, all initial failures are predicted to within + 10% and 1%, whereas \the ‘ 
predicted AREA values varied from +16% 
Be 5 has not been applied to any other specimens except those reported” — 
by J r. F. ond H. Munse. Nor is it as 
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a recommendation for determination of the effective net width, but only, as a ae 
; _ curve of best fit for the present t tests. _ The scarcity of full-scale tests on double- —- 
- plane members will not allow an extensive statistical comparison such as has a 
_ been made with other rules for predicting efficiencies of flat plates. Further-_ 
more, Eq. 5 is limited in application to double-plane members and should not be - 
ele to single- plane members, although if used for flat plates the results — 
_ would probably be more conservative than those obtained from the AREA rule. — 
ly In order to understand more fully the significance of studies on the efficiency — 
of riveted joints, some of the factors that are not satisfactorily reflected - a a 
or analyses of joint should be examined: ent... 
a. The due rolling Sis +2.5%. No 


2 ra the prediction of efficiency can remove this source of variation. 


‘Wilson, William. Munse, M. A. Cayci have indicated that 


identically fabricated laboratory. specimens may vary in strength by as much 
as 10%, 


; 


ae Current (1958) specifications (excluding the relative gage rule®) do not . 

limit the of joint. Contrary to the design | formulas, the 

| literature has reported few joints with test efficiencies of more than 88%. An g 
a ey upper limit of 75% has been suggested by Raymond E. Davis, Glenn B. Wood- 
7 ruff, and Harmer E, Davis, 16 Members, ASCE, and Wilson’* has suggested | 85%. 


A Other recommended maximum efficiencies may be found elsewhere. _ This —__ 


absence of an upper limit is perhaps one of the most questionable 
da. No current specifications penalize punched holes. Various tests ee 
em that punching m: may ‘or may n not reduce the strength. The results Tee 
re herein suggest that punching reduces the strength only slightly, if at all, 
g that i in long joints a punched hole may actually i increase the strength if 
shear i is critical. The relative gage rule suggests that punched holes are only 
x 5 86.2% as strong as drilled holes, thereby permitting a maximum of 75% effi- 
No specification (as of 1958) distinguishes single-plane joints 
4 and double-plane joints, although a difference in behavior i is considered in some > 
bo specifications for angles connected by one > leg. It is felt, that a shear lag’ 
reduces the effectiveness of the webs of truss- -type members and accounts for 
a much of the difference between test efficiencies and those predicted by existing 


i. a Adherence to current (1958) design stresses does not necessarily assure a 
balanced design (that is, a design in which at the ultimate load the member i 
_ likely to fail in either ee or tension). Shear failures can be expected in lon 
truss- -type joints of “balanced design.’ pe 


2. Large connections should sO that: the ‘distribution of 
= : Tivets in a joint is similar to that of areas connected by the rivets. 


Study Practical Efficiency Under Static Loading of Riveted Joints Connecting Plates, 

i vrs M. Wilson, W. H. Munse, and M. A.  Cayel, Bulletin 402, Eng. Experiment Station, Univ. of Illinois, 


W — 
q 
| 
— 
— 
— 
| 
— 
> 
— 
q 
— 
4 
— 
— 
7 
— 
— 
ia 
1g 
— 


with driled hol holes i in the ‘connections are more susceptible to 
ghear failures than are ‘similar punched specimens. In addition, the shear 
4 ‘strength of the drilled member can be expected to be slightly smaller than that 
7 WE 4. Punched and drilled truss-type members of the same joint pattern and 
of j-in.-to-}-in.-thick material may be expected to have approximately the | 
; same efficiencies. However, for thicker materials or for members subjected to 
loading conditions other than those used in this investigation, the efficiencies of _ 
similar drilled and punched members may not necessarily be the same. ~~ 


oo 5. The use of lacing bars in tension members provides a secondary loading, — 
w 


hich may reduce the strength of the ‘members. To. reduce the possibility of 7 | 


tensile failures at the lacing rivets, the. edge distances at these rivets should be 
_ made as large as possible and the lacing bars as | small as feasible. ROOT SHY WO 
ver 


6. C Of the several design rules considered, the . ARE A net-section rule appears 


ey, agree best with the test efficiencies of these truss type members. a abe: Fi 
7. - In view of the lack of complete agreement between theoretical and test | 
"efficiencies, and the unpredictable variations i in the materials, it is doubtful | 


_ whether complicated formulas for ‘the design of tension ‘members are justified. 


specified rule, it would seem desirable to retain the net-section rule asa basis for 


design, at the same time instituting a suitable upper limit on efficiency or 


ficiency of the current t specifications for tension members, and would provide a a 

predicted or theoretical efficiency for riveted connections that does not differ 


Yr The tests described herein are part of an investigation performed as a result 
of a cooperative agreement between the Engineering Experiment Station of the _ 
_ University of Illinois, the Illinois Division of Highways, the Bureau of Public 4 
Roads | (United States Department of Commerce), and the Research Council — 
on Riveted and Bolted Structural Joints. a These tests were approved by the — 


Project II Committee of the Research Council. The investigation is a part of 


structural research program of the ‘Department of Civil Engineering of the 


“university under the general direction of of Nathan M. Newmark, M. ASCE. + 
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FRANCIS ON _RIVETED CONNECTIONS 


be 
_ data reported by Messrs. Chesson and Munse show how dangerous it is ie ex- 


_ trapolate such test results to the larger joints common in practice without a 
_ ‘proper understanding of the action of joints. _ Fortunately, failures of joints — 
in service seem to be rare because most large joints under axial load have a con- — 
siderably smaller factor of safety when they fail by shear than designers sup- a 
4 pose. _ Even though riveting is not as important for bridges as it was before A 
the introduction of welding, more large-scale tests are still needed. 
‘cisco-Oakland Bay which disclosed the of premature 
- f failure and, consequently, reduced shearing strength. With the large testing . 
_ machines presently available, it should be possible to extend o one "s ——— 
of joints still further. In view of the tendency toward lower margins of safety 


The writer regrets that a more thorough theoretical explanation of ae 


~ behavior of their specimens was not attempted by the authors. — eon, 
methods! are available for joints in which friction may be neglected (as 


etter range, tn may ay be true when shear failure is ; imminent. _ 
interesting to attempt a theoretical explanation because the 
a progressive failure of end rivets is similar i in aluminum and in steel joints. i 
vat The behavior of the type. A specimens is particularly interesting and shows 
the importance of placing the rivets, as far as possible, according to the dis- 7 
tr _ tribution of cross-sectional area. Another result worth noting is the better 
performance of the joints with punched holes compared with those having 
4 drilled holes. The “punch-versus-drill” controversy is an old one, but the Py - 
arguments advanced | in the past were based mainly on elastic considerations. 
‘From the plastic ‘point of view, there seems little harm in cold- -working the 
_ material around the rivet holes when it has the characteristics of structural _ 
steel. The driven rivets themselves are, as a rule, far from the annealed state. RY oe 
However, the explanation | for the lower deformations of the punched specimen 
(under the heading, “Results and Analysis of Tests: Failures’’) is not convinc- 
ing. _ The deformation around a punched hole containing a loaded rivet v wil 7 7 
¥ remain elastic to a higher load than if the hole were drilled because of the cold — 
work on the material around the hole. The total deformation of a rivet is a 
caused, in part, by shear and bending of the rivet shank and partly by the 
deformation of the members around the rivet hole. The latter usually forms iF 
- appreciable part of the total deformation at the end rivets, and if this is 5 


reduced for any reason the deformation of the end rivets and t the over-all move- 
of the joint are smaller. = 


— 

Prof. of Civ. Eng., Uae. of Melbourne, Australia. 
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CHESSON- ON RIVETED CONNECTIONS 
“im the writer's knowledge | no experiments have been conducted on steel 
riveted joints under moment or eccentrically : applied load. In contrast to 
those that are axially loaded, the strength of joints under such loading is likely 
be considerably more than the conventionally computed the 
results of tests on aluminum alloy joints" are any indication. aw 4 
Cuesson, J. M. ASCE, anp H. AM. 
ASCE. —Some valuable comments concerning the behavior and design of ae 
joints and the deformations in joints with punched holes have been presented. 
_ A more thorough theoretical explanation of the behavior of the truse-type 
joints, as ‘suggested by Mr. Francis, will be a part of the next phase of the 
research program in which the large connections are being tested. ort "Thirty 
additional large riveted connections are now (1958) being tested to answer 
4 many of the } questions raised as a result, of the initial tests. Upon completion 
; - of these tests, sufficient data should be. available to permit a more sound eval- 
uation of the applicability of previous theoretical analyses, or the development — 4 
ioe of an analysis that will explain effectively and accurately the behavior of the 4 
‘ connections. However, because most previous theoretical studies have been 
based on an elastic analysis, it is doubtful whether they will provide the de 
= sonralation with the results of the laboratory tests conducted to failure. — 
Several findings reported by the writers and discussed briefly by Mr. 
‘g Bronela are being studied further. These studies include (1) tests to confirm 
_ the importance of distributing the fasteners on the basis of the distribution of 
a the cross- sectional area, (2) further tests of plegemarens versus drilling,” ell 


f specifications. The data from these tests, when combined with = | 4 
a available data, should help to provide the information necessary for an effec- 
_ tive re-evaluation of the design requirements for riveted and | bolted connections 
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Cheese 
A study c of the history of the major Mississippi River diversions results in ae ; 
aeabeiia that diversion through the Atchafalaya Riverisimminent. Because itr 
of the consequences such an eventuality must be prevented, and the control bie 


of the Old River has become necessary. The choice of control site was influ- | q 


- tailwater conditions. Included in this symposium is a presentation of (a) the — 
general problem, (b) the hydraulic requirements of the control plan, (c) the pi 
general geology and soil conditions of the control-structure area, and (d) the ar: q 


“a structures th that are sans gg for the the adequate control of the Old River. = a 


enced by several conditions, among which are the prevailing and salaadiaie =A 4 
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BY JoHN R. Harpin,t M. ASCE ba 


_, The Atchafalaya River, which is joined to the Mississippi River by the” Old 
d River, is the e farthest upstream | distributary of f the Mississippi River. It pro- 
4 vides a route to the sea that is only one-half as long as the Mississippi River’s pa’ 
present course past Baton Rouge, La., and New Orleans, La. In recent years — 
the Atchafalaya River has diverted increasingly larger percentages of hr uangl 7 
~ ‘River flow, and in 1956 approximately 23.5% of the latter was diverted. 
Studies, which have been conducted by the Mississippi River Commission, 
Corps of Engineers (United States | Department of the Army), i in recent years, _ 
‘and observations that have been made on these streams since 1885 lead to the Ps 
- conclusion that the diversion of flow through the Old River and the Atcha- r . 
_ falaya River approaches and will reach the “critical” stage (approximately a ¢ 
40% « of the major river’s s flow), : at which time the course of the parent stream 
€ be uncertain. Additional exhaustive studies of past major diversions 
show that the present development is similar to those leading to earlier dive: : 
Fa: and the studies s support the conclusion that diversion through 1 the Atcha 
falaya River will reach the critical stage wip (1975 unless penne measures ‘J 
Should | this diversion occur, it would be nec necessary to discard the } present 
flood-control plan in the lower reaches of the Mississippi River and in the Atcha- 
falaya River Basin ; navigation would be be seriously disrupted ; utilities would be 
relocated ; fresh- water supplies | for New Orleans would be seriously affected ; 
the impact on the economy of the region would be disastrous. 
the construction of structures on the west bank of the _Mis- 
sissippi River approximately ten miles upstream from the Old River; a naviga- 
_ tion lock connecting the Mississippi River and the Old River; an earth-fill dam 
in the Old River; approach channels for the lock; inlet and outlet channels a 
- the control structures; and an enlargement and extension of the main-line ‘ 


River has played an important role throughout. the history 


: the United States. The object of attention of many early explorers, it was 


the plimaay aaivensth commercial artery of the infant country and the center 


 _This great. river does not make frequent major changes i in its course to the 
Gulf of I Mexico, but there have been a few i in the past, It is believed that me 


at Major Gen. and Pres., Mississippi River Comm.., V: icksburg, Miss. 
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change of wide-reaching effect might take place in the lower 3UU miles by 
unless methods are used to prevent it. 


RIVER 
River is truly the United States’ principal river, serving 
ae large and important segment of the nation. It is ‘becoming even more im- 
x portant as a source of water and as a means of transportation, being spanned o 4 


and the river serves ‘these cities an as well as a vast area behind them. irs a 
me The preceding are physical demonstrations of the importance of the Mis- 
4 sissippi River to the valley through which it courses and to the nation. Be-— 
cause this. river is 80 vital to the national ¢ economy, it is important that it be 
a maintained in its present location and ‘condition so that it may continue to 


The Mississippi River Basin (Fig. 1), draining 41% of the United States, 


rT is approximately funnel-shaped and converges to form a ‘spout” where the 
Old River provides a connection between the Mississippi River and the Atcha- 
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i falaya River. It is through this narrow spout that floodwaters from an area 
: . The lower alluvial valley o of the Mississippi River, beginning at. Cape Girard- 
a (Missouri) and extending to the Gulf of Mexico, was subject to overflow 
7 _ before protective works were erected. Iti is through this wide, flat ; valley that 
the: ‘Mississippi River meanders for approximately 1,000 tives’ miles. The 
‘materials through which the Mississippi River flows were deposited by the river cs 
itself, with the result that they are easily eroded. _ Erosion, as well as the 
_ ‘variations i in the river’s discharge and stage, creates a meandering stream whose — 
’ ‘past history is one of constant change. In building the vast delta into the gulf, 
7 it has made several major changes in course by accepting a shorter and more 


ban 


The Atchafalaya River, the “farthest upstream of ‘the Missis- 
_ sippi Riv see is the third largest r fiver in the ‘United States ‘that fo flows into = sea. 
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The a average annual of river is and chow tal that 
this increase is almost entirely due to the progressively greater volume of Mis- 
sissippi River water being diverted to it through the Old River connection. — a i 
- The Atchafalaya River flows through a low, well-defined basin extending i in ’ 
# general north-south direction from the latitude of the Old River through open- bo. 
_ ings at Morgan City, La., and Wax Lake, La., and then out to the Gulf ~ 
“¢ Mexico, a distance of approximately 140 miles (Fig. 2). However, the distance © 
_ to gulf level from the Old River, by way of the Mississippi River past Baton 2 
Rouge, La., and New Orleans, is more ‘them twice that Ur 
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Fic. 2.—Former Patus oF rue Mississipri RIVER 


The possibility of eventual diversion of the Mississippi River into the Atcha- ‘ 
; - falaya River has been known to engineers of the Mississippi River Commission, 
Corps of Engineers (United States Department of the Army), for many years. 
_ As early as 1888, Dan C. Kingman in a repori? to the commission stated: 


- “T have given the Atchafalaya problem much thought and study. 7 
_ * * * The dangers to be averted and the obstacles to be overcome are, so 
far as the Mississippi River is concerned, * * * the deflection of its waters 
in ever-increasing quantities down the Atchafalaya which might in time, 
due to its shorter length, exceed in capacity the main stream and finally be- | 


4 bs come the sole outlet of the 1% bas ¥d 


Since that time, and especially since e 1928 when the present flood-control proj- 
id ect was adopted, the Mississippi River Commission has studied this possibility. — ia 


— 
2 “Report of Captain Dan C. Eagan, Come of Engineers, Upon Operations in the Fourth District,” j 


4, Annual Report of the Chief of Engineers, ited States Army, ‘UU—Report of Mississippi 
River Comm., - 8. Govt. Printing Office, Washington, D. C., 1888, p. 
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i, in order for the Atchafalaya River to be able to carry its share of the basin a 
4 -superflood on which the project designs are based. BT 


By 1950 the . River bed. reached such a of development 


a 


river, with a danger to the flood-control plan i in that area. 
fore, the Mississippi River Commission began a thorough study of the complex 
‘problem | of the river’ ’s tendencies and the effect of the river on the authorized — 
flood-control and nav ‘igation programs as well as the impact on the region’s 
a - _ During comparativ ely recent geologic time, there hi have been several diver- 
gions of the Mississippi River which have been traced by geologists. The | 
- data that have been obtained are important factors i in the determination of _ 
a4 ‘The earliest Mississippi River course pertinent | to this presentation is is the 
-Teche-Mississippi, which followed closely the western wall of the alluvial valley 
_ for much of its length. In approximately 900 A.D., the Mississippi - River 
- abandoned its Teche course in favor of the Lafourche- Mississippi | course ad- 
_ jacent to the eastern valley wall. South of the Old River the Mississippi River 
occupied its present course to Donaldsonville, La., where it departed to flow 
ina channel presently known as Bayou In approximately 1200 
& D., the Mississippi River abandoned the latter course and occupied its present 7 
from Donaldsonville past New Orleans, La. 
= A careful study < of the ‘diversions shows clearly that in each instance the _ 
“alluvial river abandoned a long-occupied channel confined by banks higher _ 
_ than adjacent lands to flow through a lowland that offered a gradient advan- 
tage. The present channel of the Atchafalaya River is through a lowland 
: similar i in many respects to those followed by former Mississippi River diver- 
sions. ¥, If past observations of diversions are accurate indications of any future 


Ih each of the former | Mississippi ] Riv er div ersions, it appears that the new 
course that was taken by the river was through the route of a smaller stream’ 
_ flowing in a lowland near the Mississippi River. Studies show that in some 
i cases s the smaller stream became a distributary of the Mississippi River when 
an migrating ‘meander loop intersected it as did the Atchafalaya River. _ Subse- — 
_ quently, the distributary enlarged until it became the new Mississippi River a 
ts Al Mississippi River diversions appear to have occurred pares in 
of not more than 100 yr. The initial and intermediate stages are bg ; 
4 acterized by slow and progressive growth, after which a a critical stage i is reached b 
in which there is an essential balance between flow down the main channel and ~ 
— flow down the diversion channel. Studies made under the Mississippi River 
# Commission indicate that when a distributary of the main river carries approxi- 
mately 40% the e major river's s flow = critical has been reached, and 
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nil then diversionary activity is greatly accelerated as | the new channel develops 
rapidly i in an attempt to reach equilibrium. wit 
Rees A study was made of the various aspects of the problem in order to deter- : 
. mine e the probable time at which diversion might occur. Consideration was 
pig given »n to the rate at which the Atchafalaya River had pushed through the de- — 
7 i posits being dropped in the lower section of the Atchafalaya River Basin — 
> an _ known as Grand Lake and Six-Mile Lake, just north of Morgan City. It 
ay was estimated that if the downstream advancement of the river channel that _ 
_ whan occurred from 1916 to 1950 continued, an efficient single river channel would © 
7 be developed by 1985 or 1990. The existence of such a well-developed channel 
‘apa is an important consideration before the major flows of the Mississippi River 
, choose a new route to the gulf. For reasons that will be presented subse- 
a hes quently, it will be necessary to expedite this channel development b by dredging» , 
Another time element in this study concerns the discharge capacity of the 
Atchafalaya River i in its upper reaches i in the vicinity of Simmesport, La. At -— 
ng stage of 40 ft at Simmesport, the discharge of the river increased 60,000 cu ft P 
per sec between 1892 and 1932, a period of 40 yr. During the 18 yr between _ 
«1932 and 1950, the discharge capacity at the same stage increased an addi- 
tional | 130,000 cu ft per sec. If the discharge capacity at Simmesport con- 7 
—— tinues | to accelerate in the future as in the past 18 yr, by 1968 the major part . ~ 
— the flow of the Mississippi River will have been seized by the Atchafalaya __ 
River. However, the engineering report of the Mississippi River Commission _ 
indicated that although it is reasonable to assume that an efficient channel a 
ing ‘to the gulf might be developed at a greater rate than in the past, it is also 7 
__ Feasonable to assume that the rate of acceleration of the upper river at Simmes- a 


| need for an n efficient channel through the basin for . moderate flood flows. In b 
conclusion, the report indicated that the Atchafalaya River could become the | 
‘main or master ‘stream below the Old River at some time between 1968 and 
aa 1985 (approximately | 1975). _ However, this was not the full extent ¢ of the fea- 
tures of the study that pertain to the element of time. © in Teele et 
i Channel dimensions of the e Atchafalaya River from its head to the end of of 
yee the leveed part of the river were studied in great detail, and the rate of en 7 
“le largement was noted. The rate of enlargement of the Old River was noted also, 
as were the changes in the cross-sectional area of "the Mississippi River 
- stream and downstream from the Old River. The changes in the sage 
charge relationship were studied intensively for all the various river 
hm that were considered d. The changes i in the slopes of thet Tiver surfaces and the = 
= sands had some bearing on the conclusions that were reached. The geology of . : 
“a d the Tiver basin, the previous changes, and the indicated future changes of the Bs 
river’s pattern resulted in a general insight into the sequences « of flow. 


River diversion into a new channel does not occur suddenly. | ‘The forces 
of nature must work for a a considerable time in order to scour a channel that 
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last 18 yr. The reason for the expected decrease in the rate of accelera- __ 

4 

4 

| 


1 


of material must be transported out to sea or in over- 


When the critical stage is reached, the rate of enlargement may be rapid, 


‘eintéol . In 1956 the Atchafalaya River carried an average of 23.5% of the 
Mississippi River's flow at the Old River, which was less than 
4 the flow that is required for the critical stage of wever, , this 
percentage is increasing, and its rate of increase could be’ eeceieated by a 

7 pe series of large floods, such as those experienced i in 1927 or 1950, and could result 

in the critical stage occurring i in 1965. stoted 

_ Using these exhaustive engineering - and geologic studies as a background, 
as well as the many years of records and personal observation and the opinions — 
of many engineering consultants, the Mississippi River Commission reported* 

to the Chief of Engineers that— ind ni 


“The left. alone, will: capture the Mississippi. 
f oh * * * How soon this will occur is not susceptible of precise determination. — 


_* Tt would be unwise to remain unprepared to take prompt and effective 


It appears that all the » elementa inherent in the concept of diversions are pres- 


ent in the Old River-Atchafalaya River situation and in a pattern that is 
fs favorable to the Mississippi River's | acceptance of the Atchafalaya River chan- : 


nel as its. own within relatively few years, “If, as ‘expected for normal condi- 


¥ tions of the development, the Atchafalaya River becomes the master or larger 
A stream in approximately 1975, the change | will have gone practically beyond — 
control. The problem of controlling flow and of taking corrective action should 

be approached on the basis of the occurrence of the | critical stage rather than 

diversion will | likely be an accomplished fact. 
a Any plan for control of flows in the vicinity of the Old River aaah a based 
on several factors. One of the most important of these factors i is the retention: 


ing the disastrous flood of 1927. The plan i is a blend of many - features, cach 
performing a specific function and all, when completed, protecting the alluvial — 


valley of the lower Mississippi River from the greatest flood that meteorolo- : 


«gists b believe will occur. design flood is greater than that of 1927. because 
a a a. the latitude of the Old River it is approximately 3,000,000 cu ft per sec; 
a _ below the control structure at Morganza, ‘La. , the safe capacity of the leveed 4s 
ap Mississippi. River i is 1, 500,000 cu ft per s sec, , of which (250, 000 cu ft per sec is a: 
drawn off, under the plan, before it reaches New Orleans. Therefore, 1,500, 000 

cu ft per sec must be disposed of at the latitude of the Old River, —_T’ nas 


7 -_ During t the time of the project flood, 900, 000 cu ft per sec will enter the 4 a 


va ae of the ‘Atchafalaya River Basin, 650,000 cu ft. per sec of which will flow 
a? down the Atchafalaya River and 250,000 cu ft per sec down the West Atcha- 
 falaya Floodway. The remaining 600, 000 cu ft per sec of the quantity to be q 
will be ‘carried down the Mississippi River spproximataly 20 river 
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*“ Atchafalaya River Study, rt by the Mississip: 


miles ‘and through the Morganza Floodway. the diverted flow, a 
total of 1,500,000 cu ft per sec, will meet at the lower end of the Atchafalaya ne 
Hive guide levees and will pass through the lower Atchafalaya Basin tobe 
into the Gulf of Mexico through two outlets. 
The development of the comprehensive flood-control plan i is in an advanced 
r ip _ On the Mississippi River below the Old River, the authorized flood- | 
control works are essentially complete, and the Mississippi River channel, with ¥ 
its Present confining levees, can accommodate the part of the. project flood for 
em In the Atchafalaya River Basin, many features have been constructed, and ~ a 
approximately 85% of the entire project is completed. _ However, maintaining i. - 
_ the Atchafalaya River Basin protection levees to the designed grade is extremely fs 
- difficult because of poor foundation conditions and levee subsidence. = 
i _ For the proper functioning of the flood-control plan, efficient channels must - be 
be developed and maintained in both the Mississippi River and the newenrer 
: River. Any appreciable deterioration in the efficiency of either stream a 
_ have serious consequences. _ The lower Atchafalaya River Basin is filling with me 
sediment at a rapid rate. Siltation from the Red River waters and the Missis- 
, ‘f sippi River waters contributes to this action, but the scouring of the bed and ; ar 4 
oe banks of the Old River and the upper Atchafalaya River is probably the > i 
principal source of deposition. The filling of the lower Atchafalaya’ ‘River 
Basin causes the flood-flow line to rise. Because the levees in this‘area cannot — ‘2? 
= be raised with assurance, owing to the inadequate foundation conditions - - 
-various reaches, the lower Atchafalaya. River must be increased in capacity 
_ by dredging and confinement. However, to do so without controlling the 
_ diversion tendency of the Mississippi River would be disastrous. - Therefore, — 
the initiation of control works at the head of the Atchafalaya River is necessary — 
before relief of a critical situation in the lower Atchafalaya River Basincan be __ 
Mississippi River is becoming increasingly important as a navigation 
artery. It is the main stem of a vast network of inland waterways, a 
through the central United States and connecting the Great Lakes to the Gulf | 
of Mexico. The Gulf Intracoastal Waterway crosses the Mississippi River at 
New Orleans. © Many strategically important commodities are moved in great 
quantity along this route, such as theever-increasing barge movement of refined | 
_ petroleum products from the Texas and Louisiana refineries to the e Mississippi, 
- Missouri, and Ohio basins, and it also provides the principal access to rapidly a 
growing offshore petroleum exploration and development. = © 
ub In recent ‘years the Atchafalaya River, together with the Old River, has be- 
come an important navigation artery. For the | new high-powered, stream- a 


77 


sippi River Basin, this route has many advantages —it i is 172 miles 
by way of New Orleans, and it avoids the congestion i in the New Orleans harbor. . , 


ciency of the flood-control plan or the capacity. of the Mississippi River and its 
network of navigable streams: ‘to ‘support the continually increasing require- 


: -#git Any major change in the lower Mississippi River that would alter the effi- a 
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ments of commerce wou ave great impact on the regional 


aie River would male in a complete change in river channels, with the present 
tod Mississippi River channel below the Old River eventually being closed except 
for flood flows. Existing navigation patterns would undergo great changes. 
out New navigation structures would be required, and old ones would need to be | 
oem modified. The usefulness of existing flood-control structures, notably the 
- Bonnet Carre, La., spillway structure and the Morganza spillway structure, a 
would be ‘impaired or destroyed. It would be necessary to rebuild communica- 
pene tion networks. Salt-water intrusion would exist as far upstream as Baton 
_ Rouge, with tremendous, if not disastrous, effects on the industrial and domestic 
‘Ther results of such a diversion would not be restricted to the area below 
the Old River. Present equilibrium conditions in the Mississippi River would _ 
Sa be disturbed as far upstream as Vicksburg, Miss., and increased meandering @ 
would no doubt result, making obsolete a large part of the presently effective 
_ bank-stabilization works and threatening the almost complete main-line levee 
_ system. _ In addition, navigation during the period of adjustment would be 
extremely. difficult because of increased velocities stream meandering. 
oe is evident that if the Atchafalaya River were permitted to capture the 
; Mississippi River, the effects would have far-reaching consequences. Complete _ 
_ diversion would alter seriously and permanently the way of life of a large and _ 
The plan for preventing the diversion does not include changing any ex- 
isting condition but is designed to retain everything presently existing. Any 
bn works constructed to prevent uncontrolled diversion must provide for the regu-— 
dation of flows so that the many exacting requirements to preserve present con- — 
ditions: can be satisfied. — It appears necessary to provide permanent control | 
=a structures so that flows may be regulated as required and maintenance of the 
desired water-sediment relationship can be assured. __ hors 
Mitel Any plan for the control of flows at the Old River will require structures in 
a = Old River, in the Atchafalaya River, on the west bank of the Mississippi 
ab River upstream from the Old River, or at a combination of these locations. _ 
ia _ Regardless of site, the structure or structures must be capable of passing the 
_ project-flood flows in the » quantities already sp specified in 1 the flood-control plan. 

- They must prevent permanent capture of the Mississippi River by the Atcha- 
falaya River and be flexible in operation in order to maintain the present 
"distribution: of flows of water and sediment as nearly ‘as possible. The 
: must — for navigation, offer aasurances of long life, and be reasonable i in 


end of the guide levees ; across the Atchafalaya River i in its upper reaches, 


: 
in 1 conjunction with weirs, overflow dams, and notches; construction of a series 


of low-sill dams of ‘stone or other nonerodible Materials in the Atchafalaya 
River; and projects to achieve friction control by iporerins channel roughness. a 
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— importance to the national economy require a safe and permanent solution. _ 7 
Several plans were considered, among which were some that required major 4 
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54 All the preceding plans were investigated i in as much detail as np and ol 3 
discarded because they failed to meet the desired criteria, 

The remaining possibility was to locate the proposed structures where how en 
‘ from the Mississippi River could be controlled before” it Teached the 


placed take advantage of the distributing reservoir without altering present 
conditions would be ideal from both an. engineering z and an economic view- __ aa Fae 4 

point. The plan that was selected includes control structures on the west bank | 

a of the Mississippi River above the Old River with a lock in the Old River bat 
(Fig. 8). Such a plan would satisfy the conditions of effectiveness, 

“ence, safety, and reasonable cost. ord sit 
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Fic. 3.—TxHE O_p River Controu PLAN oF IMPROVEMENT 
oil |The selected plan also includes two control structures on a the west bank of 


> a , navigation lock eounestine the Mississippi River and the Old River; an carthe One 
fill dam in the Old River ; ; approach channels for the lock; an inlet ps an outlet 5 ay 
a channel for the control structures; and the enlargement and extension of the 
main-line Mississippi River levee in that location. The two 0 control structures 
a will accommodate a flow of approximately 700,000 cu ft per sec from the Mis- =" i 
-sissippi River during the project flood. 
concrete, which will be 566 ft long between prema It will have 
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ext will be at that: will permit at all stages to pass drew the 
Mississippi River into an outflow channel extending to the Red River. _ ase 
_ The inflow channel from the Mississippi River to the low-sill structure will 
_ 4 & be approximately } mile long, with a bottom width of 1,000 ft at El. 5 below 
The outflow channel from the low-sill structure to the Red River will be | 7 
_ approximately 7 miles long, with a bottom width of 900 ft at El. 8 below mean — 
ih sea level near the structure and at El. 10 below mean sea level where it enters _ 
_ the Red River. For favorable tailwater conditions the outflow channel will 
aia, have a capacity of 300,000 cu ft per sec at bankfull stage on the Mississippi 
‘The second of the two structures upstream from the Old River is an over- 
ok control structure that will resemble the Morganza control structure, — 
which was completed in February, 1953. It will consist of reinforced concrete 
and will be 3,356 ft long between abutments. - Each of the 73 bays will havea 
44-ft clear opening between piers. The overbank control structure becomes gq 
ss useful when river stages get above bankfull, and the weir elevation i is planned | 
gecordingly at El. 52. Flows will | pass from the Mississippi River into the Red 
_ River backwater area, where they will be carried overland and through natural — 
channels to the head of the Atchafalaya River Basin. = 
oe The navigation lock, with dimensions yet to be determined, will be located 
oe LS approximately 1 mile southwest of the mouth of the Old River in a land cut 
“14 between the Old River and the existing 8 south bank levee. The forebay « chan- — 
nel from the Mississippi River to the lock will be approximately 4 mile long, , 
with a bottom width of 250 ft at El. 10 below mean sea level. The tailbay 
= channel from n the lock to the Old River will | be approximately 1 1} agp long, — 
7 _ with a bottom width of 250 ft at El. 10 below mean sea level. Oe te 
ae Between Black Hawk, La., and Torras, La., the existing Mississippi River 
levees will be raised, strengthened, and extended where necessary to link | the 
proposed structures with each other and with the existing main-line levee 
system. = Tiger] dy tank at thy 
Final closure of the Old River we be “made by a hydraulically con- 
After favorable channel alinement has obtained in the Red 
: the Atchafalaya River between the outflow channel and the vicinity of Simmes-_ ; 
port, this reach will be stabilized by bank- -protection works. the py 
«Tt was imperative that construction be initiated promptly and that it pro- 
ceed in a prescribed order because the earliest date when all construction can 
be completed under favorable conditions almost coincides with the estimated 
date of the earliest probable critical stage of development i in the capture of the 
Mississippi River by the Atchafalaya River. _ Any postponement may | add t 
the construction difficulties and may increase costs, Construction w was ther 


and eran ts. It i is the most de- 
q sirable control unit to have available should some Geteculdon condition make _ 
ad it advisable to close the Old River entirely before the the project is is completed. 
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‘The overbank structure levee embankments should 


appli channels. Finally, the closure dam across the Old River and the re- 

maining levees should be constructed. It is important that tl these structures _ 

be undertaken and completed during favorable low-water. stages. ee 

- The estimated cost of the project, excluding the navigation lock, is — 

$47, 000, 000. The United States Congress has authorized the entire plan, but 


has limited expenditures to the flood-control features pending a a determination = 


_ by the Chief of Engineers of the required size and estimated cost of the naviga- 


The Old Rive r control project | is a large undertaking and will require the 
of many ‘unusual problems i in foundations and construction procedures. 
_ Its great importance to the whole region of the lower Mississippi River valley 
_ makes it necessary t to execute all its features i in an orderly and positive fashion. 
There i is every reason to believe that the - project. can be completed i in time to 


meet any emergencies caused by the Mississippi River. 
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| or closed entirely, necessary, to retard or prevent a possibile dangerous 
| acceleration in channel enlargement of the Old River and the Atchafalaya 
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HYDRAULIC REQUIF 


> 


_ By EUGENE A. GRAVES,’ 


_ The streams and floodways in the Old River area form a complex system. no a. 


S Observed discharges and planned discharges illustrate t the > magnitudes i involved. 
The control of the Old River has become necessary as a result of the y possibility pee wis 7 
that the Mississippi River will adopt the course of the Atchafalaya ‘River. — 
“a y The selection of a ‘site fe for the control was influenced by several factors. — An “te 
unusual situation exists with respect to the determination of prevailing. and wee 
prospective tailwater conditions. The expected discharges through the struc- 
tures are compared with natural flows. 7 The structures permit the regulation vote’ 
of the flow, if required, to reduce the rate of enlargement of the Atchafalaya ona 


f River, and will give assurance against the change of course of the Mississippi —__ 


The Old River-Atchafalaya, River system is the farthest upstream distribu- — 
tary of the Mississippi River. . The bifurcation is at a point: approximately 
et 313 miles ups upstream from the mouth of the parent stream. eo The distance oral 


140 miles. Thus, ‘the slope ‘through the Old River-Atchafalaya River system 
is more than twice that in the Mississippi River below their common point. * oe 
raft of logs, which blocked the Atchafalaya River from its head for a e's 
a of approximately 20 miles downstream, was” removed prior to 1855. . Since 
1870 the. enlargement of the Atchafalaya River, a desirable development with 
_ respect to accommodating flood flows, has concerned those who feared that it —__ 
i _ might result in the change of course of the Mississippi River. Such a change 
seems increasingly probable unless preventive measures are The 
draulic considerations } the will 


Mississippi River, for 6 miles from its junction with the Mississippi 
_ River to a point at which it joins the Red River to form the head of the Atchaf- pee 
= River. A project plan map of the area, on which the plan has Bae 
q 


superimposed, is shown in Fig. .1. Inthe Old River, channel depths vary from 


60 ft to 130 ft. The enlargement and increased natural diversion at the Old ne 


_ River has been described elsewhere.? At the junction of the Old River with _ 
nes Mississippi River, there is a gap of approximately 3 miles in the Mini 


ae —Published, essentially as printed here, in March, 1956, in the Journal of the Waterways Divi- 

_ sion, as Proceedings Paper 907. Positions and titles given are those in effect when the paper was approved 4 i. 

publication in Transactions, 
«A Chief, Special Studies Section, Mississippi River Comm., Corps of Engrs., U. 8. Dept. of the Army, rs 
_ “The General Problem,” by John R. Hardin, in 
Transactions, ASCE, Vol. 123, 1958. 
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‘Black Hawk (La. ), the levee is low ‘enough to be scare during extreme Cat 
flood stages. The gap and low levee provide a large cross-sectional area for ‘a a 
_ overbank flow, which supplements the discharge of the Old River into the Red — 
- River backwater area and thereby relieves the Mississippi River during | large 


The Red River backwater area is from the confluence of the Red 


Be River and the Atchafalaya River. It is bounded on the south by levees at the te 

= head of the Atchafalaya Basin that protect the lands on both sides of the iB Fy 

Atchafalaya River. _ Except for the flood, the greatest flood of record 

= aA occurred in 1945, when the stage at the confluence of the Red River and Black Sy 
ec River reached El. 60.1 and approximately 1,300,000 acres in the backwater 

+ area were inundated. . The area that was flooded i in 1945 i is shown i in Fig. a: 


a lake country known as the lower Atchafalaya | Basin a. From the 4, 
hee ys basin the discharge i is conducted to the Gulf of Mexico through the lower = 


‘Barbre Landing (La.). Throughout this segment the river follows a 
a South of the e village of Acme (La.) the Red River has i its flow supplemented eae 4 
ee the | discharge of the Black River. The Black River is termed the Ouachita — oe 


River north of its confluence with the Tensas River at Jonesville, La. (Fig. 1). 


The Morganza the west bank of the Mississippi River just 


3 000 cu ft of water per sec from the River into the 


In time of extreme flood, the West Floodway, ‘the 
River levee and the west guide levee, be used to divert 


Orleans (La. ), is to the levees by 
of water as ore as 350; 000 cu per sec 
pet 
Froop Frows 


‘discharges were 1,515,000 cu ft | per sec in the Missis- 

sippi River south of the Old River i ‘in 1945; 1,977,000 cu ft per sec in the Miscis- 
aay _— sippi River north of the Old River in 1937; 514,000 cu ft per sec in the bai 


by levee crevasses. 
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Bok The plan for flood control in the vicinity 0 of the Old River is based on pro 
viding for a project flood of 3,000,000 cu ft per sec. Half of this quantity 
be carried in the Mississippi River and the remainder in the aa 


‘ Basin. The flow distribution is shown ahrpg Teh in Fig. 2, in which all 
flow is ‘expressed i in cubic feet per second. 


in miles 


Point 4 
‘Breeze 


9.659 


¥ 


Simmes; 


ae ‘Thus, Fig. 2 shows that the Mississippi River’s contribution to the outflow _ 
from the backwater area is 600,000 cuft persece 
The general layout of the plan i is shown in Fig. 3. Discharge will be mate ss 
digas controlled inlet structures, which are being constructed in the levee _ 
‘Upstream from m Point Breeze (La. Den! The control structures will be composed - 
of two units—a _ controlled overbank structure with a crest at El. 52, and a 


; gated low-sill structure having three bays with a crest at El. —5 and eight 
bays with crest at EL. 10. The overbank structure will provide for the 


>. 


relief of floodwaters. The low-sill structure : also will assist in the relief of 
floodwaters, but will be in order to permit discharge moderate 


POT BEC IFOM into the he viver DacKwater area 
quire effec he fio distribution contemplate Vv e flood-control nian. k 
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— _ excavated channel leading tothe Red River, ‘t 


3 The ) area near the Mississippi River was chosen because of the greater protec- 
tion against the loss of the structures. by of the outlet channel 


_ Knox Leading (a ) met this criterion. _ Several surveys that have been made 
7 since 1823 show that between 1823 and 1883 the river moved to the hard point — : 
a Point Breeze) near Knox Landing, and, since e that time, the bankline at this ; 
Another important consideration was that it was necessary for the chosen 
“site to be of such a nature that the diverted water would contain bed sedimen 
in about the same proportion as that for the Mississippi River. Analytical 7 
_ studies and model studies indicate that the selected site would be satisfactory. 
It is in a relatively straight stretch | of river, , and since 1895 the cross section 
Oe. 4) has been wide, shallow, and relatively flat. ‘Reasoning b based on such 


Bankfull El. 


4.—MIssIssiPPi River Cross Section 


sediment is relatively uniform across the section, io 
Two sites farther upstream were considered and discarded. One, 
, 23 Coochie | (La.), is subject to bank caving and a appears less favorable for the 
EB _ diversion of bed load. Another site in the vicinity of Black Hawk is almost — 


be. 9 opposite the lower end of a point bar that has been extending slowly down- 


stream for many years. At this site probably too much bed load would | be 
= diverted, and it is also probable that bar building will continue, thus making © 
maintenance the inlet channel quite expensive 


_ vealed clay-plug deposits across which the outlet channel can be made to pass, 
_ thus making it easier to protect the structures against channel raveling. eat) 50 nf 
1 ‘The chosen site is satisfactory in so far as the capacity of the structure to 
- discharge water at the necessary rate is concerned. Because the water-path = 
| a a ‘distance to the Atchafalaya River is almost the same for any of the considered 
4 sites and because in time of an extreme flood the water-surface slope in the 
backwater area is small, all the sites that were considered had tailwater heights i | 
_ that were were approximately equal, However, the locations ns that were more | ail ot 
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OLD RIVER 


site, which will be examined quantitatively herein, was satisfactory, and the 
many important considerations: cited | previously the | hydraulic 
After the choice had been narrowed to a small area, it was necessary to 
select a site having the best foundation co conditions. These studies have been 
a reported elsewhere.* onal ded) apw 7 


; +The requirement that assurance must be ¢ given against the ‘capture ‘of the “| 


- Mississippi River by the Atchafalaya River i is, in one aspect, also one for the 
capacity to regulate flow. This requirement resulted in the selection of ‘the 
general type of adopted. In addition, there are several other flow 

LR or a project flood the structures a discharge capacity of 
at least 700,000 cu ft per sec. . 

For floods that are smaller than the project flood, the 

provide sufficient capacity so that it is not necessary to have increased fre-— 
quency of operation of the Morganza Floodway and the Bonnet Carre Floodway. 7 a 

* oe 3. At medium water stages the structures should have sufficient capacity — “a 

= to approximate the natural diversion capacity of the Old River during the _ 

period just prior to 1950. The provision of adequate capacity will assist in 


: maintaining the regimen of the Missiosippt River south of the Old River and in is 


‘would been the input capacity at the chosen = 


= 


| 
| 


maintenane of works be needed and the intake capacity 
of the Morganza Floodway would be Teduced. oq in 
; od 4. The structures should not. reduce low-water flow to such a degree that 
navigation or water use in the Atchafalaya Basin are harmed. huis ovily 


In order to: appraise the discharge performance of the s structures, it is neces 


-- “Foundation Design, " by Willard J. Turnbull and Woodland G. Shoekley, i in “Old River Diversion — a 
Control: ‘Transactions, ASCE, Vol. 123, 


— m= stream were advantageous with respect to headwater because for project-flood __ _ 
— - distribution the difference in elevation between the Mississippi River and the a _ nm 
Red Rive ack water near the Old River is quite ama the Mississinni a 
— sl 
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> regimen of the Mississippi River south of the Old River, if itisin thedirection [| 
causing higher stages, could necessitate higher levee grades. If the change 
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by di 
the structures. Excellent gage records and discharge records are available 4 
for Red River Landing, an important gaging station which is situated at 
Fiver mile 300.1 above head of passes (AHP), approximately mile 
ae - downstream from the mouth of the Old River. The rating curve for 1950 : fr 
| 
— 


~ computed | flow lines and the vain of — testes were used to extend the 
_ rating curves of the 1950 conditions. — ‘Using stages from the rating curve and» 
assuming that the Old River: was closed, flow lines were computed to the pro- 
posed structure site. Channel friction factors were obtained from flow-line 
: computations for observed conditions. . For high stages the estimated over- — 
bank n-value was the ‘Manning value of 0.150. he headwater curves are 
we For existing conditions the discharge capacity of the Mississippi River is 
greater upstream | from the Old River than in the reaches: downstream. 


— 
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5.—HEADWATER Curves ror STRUCTURES 
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oman capacity is because it has been necessary | for the upstream channel to © % 

accommodate itself to carry the total discharge, which, at the Old River, is 
divided between that stream and the River. After the 
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channel between the Old River and the site of the structures is expected 
to approximately that presently (1958) existing downstream 7 
from the Old River. Therefore, the headwater curves, which are based on 
__exiating channel conditions, wil result in lightly lower headwaters than would 
3 after the structures have been in operation for an indefinite time wits 


wee shows that in that year and i in the period from 1911 to 1912 the average rating - 

gurves: were virtually the same as ‘those that existed in 1950. The 1950 j 
rating curves yield stages as low as any that have occurred in other years for 

& same discharges, and, consequently, the use of these headwater curves ea 4 


result in conservative estimates of the discharge capacity of the structures. 


Knox 
Landing 


= 


at the upper end of the leveed Atchafalaya River. Flow ines Som 


proximately 0.035 at higher rt flow line for the crest of the 1950 flood 


- indicates that the overbank n-value for the backwater area is 0.175, which was | 


i _ obtained simultaneously with an Old River channel value of 0.035. The flow — 
diagram for this condition is shown in Fig. 6 
ee that the Old River is closed, flow lines were computed from — 
- Simmesport to the structures through the Red River, the outlet channel, and 
ae the overbank. The flow diagram for this condition is shown in Fig. 3. The 
were 0). 030 the Red River, 0. for the outlet channel, and 0.175 


Stage hehind structurec in feet ahove mean ¢ea level 


— 
Mississippi River rating curves are subject to an irregular periodic fluctua- 
— cae tion, being alternately higher and lower than average. Such a fluctuation has it | 
pri Pod Rive anding Ag of discharge records since LO W 
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or ‘the overbank. Elements on the Red River are from a survey made Te 
950. It was assumed that the outlet channel has a bottom which is 900 Riel 
wide at El. 8 and slopes to El. — —10 at the Red River, which. approximates es the a) va 
‘elevation of the bottom of the Red River in this to 
_ _The nature of the backwater is such that the tailwater stage depends on the 
4 ton from the tributary streams as | well as the flow from the structures. ¥) — 
this reason the curves take the form of a family as shown i in Fig.7. By using 
the data | obtained from the measurements ts over @ period of many years, the © 
tributary inflows were plotted against the concurrent Mississippi River die 
charges. With this plot as a guide an envelope curve embodying the maximum ~ 
probable concurrent cor contributions s of the tributaries — was drawn across the 


curve of 
probable tailwaters 


to OX 
Tota! outflow 


mie 


4 ould Discharge thro in in 1000 cu ft per sec | 
7.—Curves or Maximum PROBABLE | TAILWATER doid 
- tailwater curves. This envelope | curve was used to define the upper limits of 

 tailwater for which the stilling basins were designed. 


Ih estimating future tailwater conditions, it is necessary to consider the 
changes that are likely to affect the tailwater. 4 Changes that may occur in the of 
rs lower Atchafalaya Basin, below the end of the river levees (Fig. 1), werecon- 
sidered, but it was determined that they were not likely to cause any significant — La 7 
variation fn in the tailwater conditions for the reasons that are presented s subse- te 
"quently. Below the end of the river levees, most of the flood flow is carried oj 
overbank within the floodway. There been a heavy deposit of sediment 


in the overbank ‘area, causing higher stages for given discharges. There has 


also been some local scour in the relatively emall channels that lead toward ait le. 
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gulf.  Howev ever, as a teal’ of the deterioration of the overbank area, the ov ne 

all trend has been toward the reduction of discharge capacity. Since 1932 “a 

“trend toward the reduction of discharge capacity has been especially noticeable — 

in spite of much improvement dredging in this area, most of which was acter 

plished between 1932 and 1935. Ak OLS 10 

. 79 The deterioration of the flood-carrying capacity of the floodway south of the 
end of the river levees has reached the stage at which improvement work and ~ 
encouragement of channel development by scour will be required to accommo- 

the planned project flow « of 1,500, 000 eu ft per it not 


pose backwater computations indicate that a large chai of stage at de 
downstream end of the river levees would cause only a small fraction of the 
same change at the head of the Atchafalaya River. Therefore, variations ons that _ ; 
may occur in the lower basin were not considered when the minimum probable | 
A Changes that may occur in the leveed reaches and between these reaches 
and the structures are the primary cause of changes in tailwater conditions. 4 
Channel enlargement is accompanied by the reduction of slopes and is on 
- & trolled by the bed sediment that is carried and by ; the average total annual 4 
_ water discharge. It is believed that the water-sediment ratio of the discharge <a 
through the proposed structures will be approximately t the same as that of the 
Mississippi River. This will not be a significant change from the situation 
existing at the Old River. The rate and degree of enlargement of the leveed — 
Teaches of the Atchafalaya River can a be affected, by the 
water discharge. J 
‘4 in deciding on a plan of ate? In particular. the necessity for flood con- EY 
trol may require that the Atchafalaya River be permitted to enlarge. For this 
reason and because of the uncertainty of what future needs will be, it is neces- 
en to ~~ the structure so that it will be safe for the condition of minimum 


ya River will be allowed to seek an ib 
7 « % rium channel size and slope that are in agreement with the average discharges 
_ which will occur if there is only a minimum degree of regulation, = 
Ih the leveed section of the Atchafalaya River, a flattening of the slope has» . 


“3 been observed for many years, and, as indicated by the foregoing, this trend q 
will probably continue. — Analytical sediment ¢ studies have indicated t that for 3 = 
AA three - years, during which both small floods and large floods were reer 


a constitutes an increase in 
for River of approximately 200,000 cu ft 
sec for equivalent high ‘stages. In developing the curves of minimum 


the ‘10-ft | was assumed to be obtained from project-flood 
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RIVER 
ot Between the. of the Atchafalaya River and ‘the of 
ig +14 flood flow w will be overbank, at least for « several years after the structures are in 


circumstances the slopes will be rather flat. Because the 
_ vee at the head of the Atchafalaya River will reduce the depth of overs 


ze of the outlet channel without: producing | any 
~ additional lowering, and, therefore, no additional lowering has been inecrpo- 
rated in the curves of minimum tailwater, 
group of minimum-tailwater r curves is shown in Fig. 8. An envelope 
_ curve embodying the minimum probable concurrent contributions of the back- 
water tributaries has been drawn across the tailwater curves in order to define = 


* Total outflow from Sk 
the backwater area 


tage behind structures, in feet above mean sea level 

. 


> 


| Discharge through structures, in 1000 cu ft Per sec = 


Fro. —Conves oF Mintmum PRoBABLE TAILWATER ConpITIONs 
_ the lower tailwater limits for which the stilling basins must be designed. In the — P 
routings that will be cited subsequently, the envelope ¢ curves were not used; 
the whole curve group was used in order ys, consider the effects of tributary — 


Snaté STRUCTURE PERFORMANCE AT Progscr FLoop 
— stated the project provides against maximum ‘outflow of 


000, 000 cu ft per sec at the latitude of the Old River, Synthetic hydro- 


— 


that the outflow agrees with the project objective. For 1950 con-— 

ditions and for conditions with the structures in place, routing tables have pos : 
_ been prepared for the Mississippi River and for the backwater area, With the Ae 
Old River closed the headwater curves and tailwater curves that were derived Be, ; 
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. open 1 control strastures: (the lock being closed), s show a maximum discharge ie 
700, 000 cu ft per sec through the structures. It is indicated that if the struc- _ 
7 tures ar are wide open they v will deliver (under the project-flood conditions) ap- 
proximately 100, 000 cu ft per sec more to | , the backwater area than would the | 
: Old River. This much excess capacity is desirable in order to make the best ~ 
use ¢ of the available storage during floods that are ‘slightly smaller ler than han the 
flood, ‘and to provide flexibility o of distribution 
‘The plan envisages an overbank str structure with a crest: at . 52 
3,200 ft of clear opening, combined with a low-sill structure having 352 ft of | 
: clear — with a crest at El. 10 and 132 ft of ‘Clear opening with a crest ea 


_ ing the requirements for satisfying these criteria, routings were made for more — 
moderate floods. These ‘Toutings are for 1943, in which moderate flooding 
occurred that almost forced the operation of Bonnet Carre Floodway, and for 
4 1945, during which the second largest flood of record in this vicinity was ex- 
_ perienced. The results are shown in Figs. 9 and 10. In each figure hydro- 
- graphs numbered “q)” refer to the Old River open condition, and hydrographs 4 
numbered “(2)” refer to the plan in operation with structures fully open. The ian 
-_ former hydrographs represent the published discharge that occurred under 
~ natural conditions. — For the hydrographs numbered “(2)” the condition of the 
ens River is that of the time of occurrence. An exception to the aie. . 
- going statements is that during the flood periods the flows of the Atchafalaya 
River and the Mississippi River south of the Old River were routed for both 
_ the open and controlled conditions by tables incorporating 1950 conditions in 
those rivers. For No. 2 hydrographs speokable” tailwater 
_ With respect to the large flood criterion, Fig. 10 shows that at the crest of a a 
- - flood as great as that of 1945 the structures will approximate the performance ee 
of the Old River. ; For. a moderate flood (Fig. 9), the proposed plan again can 
‘duplicate the discharge of the Old River. _ The structures can 1 approximate the 
performance of the Old River at about the discharge of the Mississippi River | 
(1,250,000 cu ft per sec downstream from the Old River), requiring the opera- F 
tion of one of the floodways. _ Thus, the plan would not force the operation of 


the control structure at either Morganza or they 


The" discharge can be made to approximate the flow ‘that would occur 


« 

— 
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advantageous and economical. For the project flood similar results can m 

obtained if the deeper structure is omitted and the overbank structure is made — 

| t longer. Such an arrangement would be less expensive but would not meet the (i 

7 — 

5 
— 
— 
— 
4 

a 


oF 


edge 
bing 


7 

up 


- 


40 NOLLVINDG 40a ZI 


ew idy 


one 


tack’ 


ty 


—= 


ur ‘aBuey 


a 
= 


— 
a] “rn 
199i st 
0001 


\ddississiw 


> 3 


av 


das sad y 


or 


ays ayy woy 
yddississiw 


OGET uj ued ayy (gz) 


| BE au ° 4 


re Ate extreme low-water stages the flow is , dependent on the slot consisting of — 
: : three bays extending to El. —5 and having a clear opening of 132 fe. © The 
— lowest stage recorded at Red River Landing since 1900 was: at El. 4. 7 on 


_ November 3, 1939. On that date the measured discharge was 14,000 cu ft per 


2 ; sec through the Old River and 19,000 cu ft per sec in the Atchafalaya River 


at Simmesport. — Under | identical circumstances | but with the structures in 
= place and conditions in the Atchafalaya River channel as ‘they were in 1950, a 
the indicated discharge through the slot is 11,000 cu ft per sec. and the Atchaf- 5 

Depending on the degree of ‘submergence by tailwater, the slot ould dis- 7 
ere: from 15,000 cu ft per sec to 22,000 cu ft per sec at the stage at which 4 


4 the crest at El. 10 is overtopped. - The latter value is for 1950 tailwater con- 


tie 


‘ditions ‘and with no flow from the backwater tributaries. El. 10 is ; approxi- a 3 
The tailwater stages are e expected to be lowered by the , enlargement of the 
7 outlet channel due to scour and by the additional enlargement of the Atchaf- of 
alaya River, as cited previously, thus increasing the low-water discharge ~ 


Based as! records of the past 55 yr, there are on ‘the average only twenty 
days per year during which the water surface at the structure would be below 
the sill at El. 10. In the future there will be e even les less time as Mississippi — 
7 = River er flow is supplemented by additional upstream reservoirs. The additions — 
to Mississippi River flow tend to increase the quantity of water that can be 
diverted i into the Atchafalaya River. Pet _ There will also be more low-w ater flow <2 
from the backwater tributaries as a result of the multiple- -purpose reservoirs 
i” wob 2 yo 000.6% to 2 od ai 


ig. 11 shows the ‘effects of the sathiieniiniaitiemas conditions on the 1945 


flows repeated with the plan in operation. In this figure the hydrographs of 
‘ the 1945 flows (Atchafalaya River and Mississippi River south of the Old River 
in the 1950 condition during the flood period) have been repeated in 1 order to x4 
_ serve as a basis for comparison. For structures having approximately the 
same hydraulic characteristics as those of the proposed plan, hydrographs 2A 
_ show the effects on flows that would result from the minimnum-tailwater ¢ con- — 
ditions. In these routings the structures were kept fully open. The hydro- 
show that a major part of the: increased of ‘the 
To Limit ENLARGEMENT or THE ATOHAFALAYA ‘River odd 


“during large floods for the ‘most part, and filling has occurred during moderate 

stages. Because the water drops its sediment load at medium stages in the 

7 leveed reaches and at the same time produces bankfull stages in the relatively 

small channels below the end of the levees, it is believed that ‘the 
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of the lower reaches occurs principally stages. Therefore, 
_ from the standpoint of favorably affecting the regimen of the ze | 


--River and reducing the problems of maintenance both in the lower basin and in’ 
4 the outlet channel, the best typ pe of flow regulation consists of: some — 
in ordinary flood flow with no reduction in medium-stage flow. if such 
tion i is instituted, it should not be extended so that the carrying capacity of the : 
Atchafalaya River would deteriorate. There are several | other factors beyond 
the scope of this paper that we were “considered in developing the p plan for the 4 4 

operation of the structures. — ~ However, it is possible to cite what can be accom-— - 

Be areerh in t the way of ‘regulation. of discharge because this affects the assurance 

that the structures can provide ag against the change of course of the Mississippi , 

River. A minimum degree of regulation, which could be obtained with no 

conflict with other needs, is shown by hydrographs numbered “(3)” in Figs. 9 

- 10. The hydrographs show the results of regulating the discharge when- 7 

ever the New Orleans stage is below El. 8. At such times the structures were _ 

por operated ; at maximum capacity but were operated to maintain the Atcha- 
River. discharge at 45, 000 cu ft per sec. (Sometimes the structures 
cannot put in enough water to do so, and at other times the uncontrolled © 
§ inflows exceed the desired quantity.) A much greater degree of regulation is 3 
practicable. ‘Fora a repetition of the flows of 1943, Fig. 12 shows the reduction “a 
in Atchafalaya River discharge that can be accomplished under the following - 


ameg . The discharge of the Mississippi River should not by such regulation 7 

caused to exceed 1, 200, 000 cu ft per sec because this discharge might 

force the operation of either the Bonnet Carre Flo yodway or or the Morganza 


2. The of such ‘yegulation should be reduced whenever ‘ecessary 


in order to maintain | a minimum discharge of 45,000 cu ft per sec down the 


Atchafalaya River for: water use. inl 


The discharges for open- river conditions are for comparison, This 


estan studies indicate that this would be effective in a the farther 


enlargement of the Atchafalaya Riv Riv er. “ee if bad 
AGAINST (CHANGE OF Course -MississipPi RIVER ‘its 


Because , depths of more than 100 ft below sea level are quite common in the ‘ 
ia Atchafalaya I River, it would be too 00 expensive to depend entirely on deep f foun- ia 
_ dations for security against erosion. It is planned to excavate the bottom « of | “ 
7 the outlet channel at its junction with the Red River to El. —10, which cor-— vt q 
responds generally to the elevation of the Red River bottom at_ this site . The — q 
~ channel then will slope up to El. —8 at the end sill behind the low-sill structure. 7 
- A geological study has indicated that there are erosion-resistant clay plugs over 
E e,. which the outlet channel will pass. _ These plugs will delay any possible tend- 


oy, eney of the channel to ravel back toward the structure. Revetment of the 
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outlet duce will be provided initially i in the vicinity of the structure. During 7 
the low-water period of several months each year, there will be ample | oppor- 
‘tunity to close off the structure for inspection and, if necessary, for repair of 
The primary purpose of the plan is to prevent the change « aa course of the | 
7 Mississippi River by the interposition of safe and stable structures. By the 
control of flows to suitable volumes, the structures will assist in maintaining 
the /Tegimen of the Mississippi River and in enlarging and maintaining at no i Se 
more than a safe value the flood- -carrying capacity of the Atchafalaya River. — oe 
- Because the situation is very complex, both from a hydraulic standpoint and Pus 
from the standpoint of structure safety, there were many alternatives requiring == 
difficult decisions. — _ The plan presented is believed to be the most practicable - 
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_ By WILLARD J. TURNBULL? AND WOODLAND G. SHOCKLEY,? 
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Jock that are » being constructed for the diversion control of the Old River : are , 4 
founded on a variety of soil types that are typical of those found in the lower 
Mississippi River alluvial valley. Detailed descriptions are given of the 
foundation conditions for the low-sill structure, which is a gated weir having 
its base approximately 50 ft below the ground surface and which is founded - 
on silty soils 1 that extend another 50 ft below the ‘structure. — Important — 
considerations in design were excavation dew atering, seepage control, design 


of — foundation, and preload fills at the abutments to minimize settlements. 3 


The structures for the control of the Old River are the low-sill structure, 


overbank control structure, and the navigation lock. ‘Fig. 1 shows the 


general locations of the various structures in the adopted improvement plan. 


The geology and general soils conditions for the three structures are described, ag 


= emphasis o on those features that were significant in the final site selection. 
detailed descriptions of foundation and fontures are 


for the low-sill structure. 


Before describing the details of the subsurface conditions at each structure 


“that ar are found in | the lower Mississippi River ‘valley. Practically the entire 
alluvial valley is underlain by massive sand deposits that are approximately — 
from 100 ft to 150 ft thick 3 These sands are coarse and graveliferous nearthe 
4 base and grade into fine sands near the top of the layer. Superimposed on the 4 


- 4 underlying sands are alluvial sediments of varying character and thickness, de- 


> 


7 deposits, which vary in thickness from 10 ft to 60 ft. _ These deposits have 
-_ been formed by the long-time deposition of river sediments i in backwater areas | 

and are termed “backswamp clays.’ ’ In the areas: of river meandering, the 


cutting of river banks and deposition nave bar 


a pending on their mode of formation. The surface materials include uniform clay — 3 


ss Nors. —Published, yuwy 4 as printed here, in March, 1956, in the Journal of the Wikies 

"4 Division, as Proceedings Pa ositions | and t titles given are those in effect wh when = the paper was 

1 Chief — ‘Div., Waterways Experiment Station, Corps « of Engrs., U. 8. Dept. of of the Army, 

2 Chief, oad Foundation Station, Corps of ‘Engrs. 


U. 8. Dept. Army, Vicksburg, Miss. 
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CHANNEL FILLINGS AND SWALES, 
Pomr Bar SILTS AND SILTY 


BACKSWAMP DEPOSIT: 
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OLD RIVER 

“become as deep ss from 20 ft to 30 ft in intervening swale areas, — River 

- eutoffs result in oxbow lakes, which eventually fill with ‘sediments r ranging 
from soft clays to silts and sands, depending on the mode of formation. ‘The 

filled channels | are sometimes a as } deep as the present river, or between 60 ft 
The pattern of river meandering during 

a period of many years has resulted in a complex distribution of near-surface 
a soils, 80) that i in many areas all the previously 1 mentioned types of deposits may 

be found within» n a relatively short distance of each other. Thus, it can be 
J seen that an engineer needs information on the geologic conditions in this 
region in order to make an selection of sites f for ‘tant engineering 


Channel fill 
Silts and silty 


7 


= 


a 


= see The low-eill structure and the overbar nk structure are on the west bank of — 
. a : Seana Mississippi River approximately 10 miles upstream from its junction with 
. ‘the Old River (Fig. 1). The selection of the general area for the sites was 
- dictated largely by geography, river hydraulics, and the layout of the channel 
connecting the low-sill structure to the Red River. Desired features for 
- specific structure locations were that the overbank structure be upstream of | 
_ the low-sill structure and separated from it by a distance of at least 1 1000 ft. 
_ Furthermore, it was desired to locate the | structures »s where foundation condi- 
- tions would be relatively uniform throughout the length of each structure. kt 
ne In the vicinity 0 of the low-sill structure e and the overbank | structure, the © 
foundation soils consist generally ¢ of a thin layer of natural levee silts s underlain : 
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w deposits of backswamp clays which vary from 10 ft thick to 20 ft thie 
(Fig. 2). In the upstream section of the area, the backswamp deposits are - 
underlain by 10 ft to 30 ft of point bar deposits of silts, sandy silts, and — 
silty sands, below which are clean sands. In the lower or downstream part of Yr 
the area, the backswamp clays are , underlain by an old abandoned channel of 
iL the Mississippi River that is approximately 2,400 ft wide and runs practi- — 
cally perpendicular to the present course of the river. . The channel el deposits 
i consist of alternating strata of silts sand silty sands to depths of from 100 
7 to 125 ft below the ground surface. Clean sands extend below the channel 
fillings to a depth of 165. below the ground, at which 
. It would have been possible to ome tenant both the low-sill structure and a 
_ the overbank structure on the fairly uniform foundation soils existing in the 
upstream ‘section of the area. However, the deep approach channel and a 
outlet channel that are required for the low-sill structure would have un- 
a =a underlying pervious sands along this reach and would have created 
undesirable underseepage condition. In. addition, dewatering the 


0 
tion during construction would have been a major problem. Therefore, it 


= was” as decided to locate the low-sill structure a approximately 2,000 ft from the 
: ioe River and in the abandoned river channel, in which the a of verdll 


Fis: as the me sill structure is founded on piles that — avs) 


into the deep underlying clean sands, the existence of the underlying silts is 
Placement of the low-sill structure in the abandoned river channel made it i. Con 
possible to locate the overbank structure at the desired distance upstream in E 

y an area in which the sand is relatively high and foundation conditions in e° 

py: general are quite uniform. Fig. 4 is a rendering of the low-sill structure and 

the overbank structure. The excavation for the latter is only a few feet deep. 


‘Thus, the underlying clays provide protection under-— 
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beneath the overbank structure were not planned ‘because the structure loads 


light and the uniform foundation conditions should permit. relatively 
q uniform settlements throughout the length of the structure. ah 
The proposed lock is to be located near the Old River, close to the site of 
the closure dam. “ad was desired. to orient the lock so that the 


Ube 


enough away from the Mississippi River as not to be nigntorinnnsce by any 
possible meandering of the river in a westward direction. It was also desired 
to have a firm sand foundation beneath the lock, at the ae oe having as 


150 


___| Tertiary clays 


+ 


ile of the bottom of the approach channel and exit ¢ channel ‘in cohesive 4 


soils as possible in order to minimize scour. 
of a ‘comprehensive boring ‘and geological investigation ‘in the 


general area of the proposed lock showed that the most feauible location ‘ome qj 
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on the ide of the Old River + In this Old River 
now occupies the northern boundary of an ancient channel of the Mississippi __ 
River. The south bank of the Old River is composed of interstratified clays a7 
x and silts filling the ancient Mississippi River channel and extending approxi- Pr 
= mately 100 ft below the ground surface, below which are clean sands.  South- — 
west from the Old River the upper silts and clays gradually become thinner. B. 
“3 At the top of the underlying sands, they become correspondingly higher until ia 
ata distance of approximately mile, the thickness of the top stratum 
posits is only approximately 20 ft. In: a direction parallel to the | Old River, 
the depth to the top of clean sands along any given line is nearly constant. 
_ Thus, it was possible to select a location for the lock so that the base of the 
‘i lock was on sand (approximately at El.-15) and the major section of ee 
"approach and exit channels in silts and clays. ' _ The proposed site of the lock hc 7 
is spproximately parallel to the Old River and 1 approximately 900 ft from the — “@ 
south bank, thus providing sufficient clearance to construct safe excavation 


ome! T 
Slopes on side of ‘the lock nearest the river. 
‘The principal features of the low-sill structure that were important i in 1 the 
TA foundation design ar are the pile foundation, dewatering the structure ee 


the drainage syste 
of the structure. ‘These features will described briefly. A. 
field soils-exploration program in the immediate of the structure 


consisted of ten split-spoon borings. Seven undisturbed-sample borings \ were 


‘$i -in. samples were obtained in the sands. Nearly all borings 
penetrated several feet into the underlying clean sands, and two borings went 
; through the clean sands into the Tertiary clays. The boring program was , i 


‘designed to provide soils information along the structure center line and in the 


area to measure e hydrostatic pressures in the foundation as related to the river 

-_ stage. A field pumping test also was performed at the site to determine the @ 7 
permeability o of the e deep foundation sands. A reliable estimate of f permeability 

was considered n necessary in order to design the. drainage facilities and to esti-. oe 
requirements during construction. test well was an one 


adjacent ch channel areas. In addition, ten piezometers were installed in the: 


was at three different rates of flow. Drawdown curves were deter- 
ts from piezometers, which were at various distances from the well. _ The - 
_ average coefficient of permeability of the sand as determined by this test was A 
laboratory testing program included the usual classification tests and 
water-content determinations on the borings typical boring log g showing bit 
water contents and Atterberg limits data is shown i in Fig. 6. Shear-strength ft 
_ determinations were made on the various soils that were encountered at the > 


‘site using test procedures which were considered appropriate. for the soil 
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operation of the structure. Shear-strength tests of unconfined 
compression testa, unconsolidated-undrained triaxial tests, _consolidated-— 
- undrained triaxial tests, and consolidated-drained direct-shear tests on clays. 
wang on these data a strength of 0. 3 ton per sq ft was Selected for design for ‘ 


ak delexial tests and ‘consolidated- drained direct-shear tests. . Design 
strength for these materials was selected as ¢ = 28° and c = 0.1 ton per sq ft. 

-Consolidated-di drained triaxial tests w were made on the sands, and a design 

‘strength of 33° and c = 0 was selected. Fig. 7 shows typical shear-test 


on various soil types and their relationship to selected strengths. ey 


UU-Unconsolidated-undrained triaxial shear 
CU-Consolidated-undrained triaxial shear 
CD-Consolidated-drained direct shear 


Ton per sq ft——a~ 


° (Unconfined compression | A 
test data) & > 


Water content, in percentage 
> 


2 


Cohesion (c) in tons per sq ft 5 Normal stress, in tons per Per sq 

Clays” 


Clays 


_ Shearing strength, in ton 


‘in per: Wes Normal stress, in tons per sq ft 
silts ics in a sands tone in ae 
Consolidation tests were performed on the clay soils, the silty soils, and the a 
and to provide data for computations concerning the settlement of ‘the 


abutments: and for the | design | of preload fills. Typical pressure-void ratio 


curves are shown in Fig. . 8. The curves for the backswamp clays indicated al 


preconsolidati n pressures in excess of normal overburden pressures. (This 


phenomenon is common in ‘backswamp clays of the lower Mississippi River 


valley.) Based on geologic evidence it is believed to be the result of alternate ie 


wetting and drying during deposition of the sediments. 


er Natural density tests and relative density tests were performed on on the = 


: sands. Maximum density tests and minimum density tests were made on ~~ 
a oven-dry samples by pouring the sand from a constant: height into a 2-i “in. on 
mold for the n minimum density test and by ¢ compacting the sand i in layers 
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‘in the same mold for the maximum | density 1 test.? ‘The relative 
7 penn sands ranged from 55% to 96%, with an average value of 69%. a) ie ¥ 
' 4 _ Compaction tests were made also on selected soil types for use in levees, 


Proctor method, but a light compactive effort (15 blows per layer) was used — 7 
on the silt and clay mixes because it was anticipated that these materials en 
. would be compacted by hauling equipment and by tractors rather than rollers. : 7 
-. In addition, laboratory permeability tests were performed on representative 
silts and sands, Vertical permeabilities of ur undisturbed silt samples ranged 
Das! from 0.26 X em per sec to 34 X 10-‘ cm per sec. Permeabilities of the 
sands were determined by tests on remolded samples. The sand samples were 
_ washed before testing to remove traces of drilling 1 mud, and test values were 
corrected to the in-place ce void ratio. The average of laboratory permeability 
tests on the sands gave a value of 500 X 10-* cm per sec as compared witha 
horizontal permeability of 1,000 X 10~ cm per sec. 
, ae Excavation for the low-sill structure extends from approximately 50 ft to 
65 ft below the present ground surface, and, with the guide levees and a 
6 the ultimate excavation slopes are on the order of from 70 ft high to 80 ft 
high. Based on the results of stability y analyses, a av verage excavation slopes of =o 
on 4 tol on 5 have been selected. These slopes will have factors of safety 


= are in Fir: 9. sandy silt mix was 18 compacted by ‘the Standard 


i ranging from 1.25 to 1.5. - Excavation and construction are being conducted 
in the Because the natural wa water | table is high and the hydrostatic 
oi pressure in the underlying sands directly reflects the river stage, it is necessary 
not only to dewater the excavation on the side slopes but to reduce the hydro- 


; > “4 static pressure in in the deep sands i in order to prevent blowup of the bottom a 


Ve 


the excavation. multistage wellpoint 8) system combined w with deep wells i is 


q provided to accomplish this objective. In addition, excavation slopes oud 
seeded and ditched in order to control the inflow of surface water from rains. 

es The  gate-bay | section of the structure is founded on piling driven to sand = fi 
ae positive assurance against settlement or sliding (Fig. 10). Both — 

vertical piles and piles on a 2-on-1 batter were driven to take both vertical and 
a. horizontal loads. — Design loads for the individual piles are 100 tons in com 
pression and 40 tons in tension. Preliminary explorations at the site had Es 

--- indieated that there might be some difficulty in driving displacement piles 
<7 Ge through the silty soils overlying the sand. In order to solve this problem and — 
to determine appropriate pile sizes and lengths to carry the design loads, a 

series sof pile { tests were conducted at the site in December, 1954, and in January, 

1955. The tests were conducted in a deep excavation simulating actual 

“camiditions to be obtained during construction of the structure. The tests 

a demonstrated the feasibility of driving displacement-type piles for the low-sill 

structure. The following alternate sizes and of piles were to 


beam 27 ft into sand, or a 20-in. pipe pile driven 15 ft into sand, or a 
octagonal precast-<¢ -concrete pile driven 12 ftintosand. 


<a “Summary Report of Soils Studies,” Potamology Report 12-2, Waterways Experiment Station, Corps = oo aj 
U. rig of of the Army, Vicksburg, Miss., October, 1052. 
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nll} The wing walls at each end of the low-sill ipenabalioia are ‘relatively 
(on the order of 60 ft), and the base of the walls is approximately 57 ft veh 
7 the ground surface. Computations show that the walls should have adequate _ 
stability without the necessity for a pile foundation. — However, the deep 
ae excavation in which the walls are placed will cause some e rebound of the founde- — 
_ tion soils and recompression as the walls and backfill are constructed. Maximum ~ 
‘computed settlements for this condition are on the order of 2in. The top of 
the wall is” computed to rotate approximately 1 5 in. toward 
When the structure is placed in operation, the water load on the walls creates 94 
. a different set of loading conditions th that may result i in movement of on the order A 
of 1.0 in. at the top of the wall away from the backfill. In order to permit the | 
; anticipated differential movements, the joints between wall monoliths are — 
provided with with | waterstops and with th substantial thicknesses of expansion joint 41 


Mou 
Drainage collector 


Sal st pling f \\\\ — Relief well 
_ Another important consideration in the design of the low-sill structure is 
: the control of uplift pressures beneath the gate bay and the stilling basin. ; 
_ Flow-net studies indicated the need for an upstream impervious blanket to 7 
This blanket is to be of 4-ft-thick 
“and 175-ft- long compacted clay extending from the upstream ‘end of the 
concrete apron. Beneath the gate bay and stilling basin, separate sand and > 
gravel fil filter blankets, which are 14 in. thick, are provided. These blankets a 
discharge into collector p pipes, which in turn discharge into tailwater. The 
collector system is provided with flap gates to prevent the backflow of muddy | 
4 water, manholes, and other facilities to ‘permit access s for r cleaning. - In addition, 


a beneath the stilling basin. This has been accomplished by seven relief is - 
_ (8 in. in diameter and surrounded with a gravel filter), which penetrate into 
the sands and discharge by free flow into the drainage collector system. _ These a 
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= assistance in reducing uplift pressures during construction. Steel sheet piling 
| 


blankets ee erosion and piping beneath the structure. ei hina = | 
__ The foundation soils at the abutments of the structure will be ‘subjected 7 
to significant settlements beneath the adjoining levee fills. . Settlement of the 
foundation will result in a downward drag on the piles, which possibly could | | 
a greatly overload the piles beneath the abutments piers. In addition, settle- 
‘ment at the abutments could cause the earth fill to pull away from curtain — 
. walls in this. area and, thus, create potentially hazardous conditions with 
- respect to seepage during high water. nf In order to minimize these effects, 
D - preload fills have been constructed at each end of the low-sill structure in order — 
to reduce settlements to to tolerable quantities b before construction. 
"settlements at the ends of the : structure were on the order of from 10 in. to 17 BG 
-in., and the preload fills were so designed and overbuilt that approximately 
4 this degree of settlement would occur in a twelve-month period. The preload - 
4 fills were constructed so that a substantial pert of each will remain in place as. ri 
a 7 An 1 important feature of the studies described herein was the final locations ss 
for the low-sill structure, the overbank | ‘structure, and the navigation n lock for 
To 7 the diversion control of the Old River. It was desired that foundation condi- 
ae 4; tions be uniform at at each site i in order to assure that settlements 3 of the structure | 
hy would be uniform and not | excessive. Furthermore, the a 
gv. to the structures should be in erosion-resistant materials, and, finally, suitable 
and economical foundations were to be designed for each s structure. By 
studying the geologic and soils conditions in the area, it was ‘was possible to ac- 
- complish the previously listed objectives. The low-sill structure was on silts a 
and clays, the overbank structure on clays, and the navigation lock on an sand. . 
‘The adjacent channels for the structures are in silty or clayey soils. | 
low-sill structure is founded on piles. The overbank structure and the naviga- 
tion lock are designed to rest directly on the underlying 
‘Of the three structures, only the foundation design for the low-sill structure _ 
? has been examined in detail. This structure is founded in an old abandoned 
Lo channel of the Mississippi River and rests on steel H- piles driven through the 
silt and clay foundation into underlying firm sands. > Anticipated settlements a 
at the abutments of the structure were minimized by the construction of pre- : 4G 
load fills. Excavation for the structure to a depth of approximately 50 ft— 
below the natural ground surface i is facilitated by a dewatering system consisting 
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bat Norman R. Moore, ASCE: 


‘The positive control of flow diversion from the ‘Mississippi River into the — 
Atchafalaya River Basin through the Old River requires structures that will, 
_ permit the retention of the adopted flood-control plan. The preceding stipu- ~ 
lation dictates a maximum discharge capacity of not less than 700,000 cu 
ft per sec for the project-flood stage. Also ‘mandatory is the provision for 


_ of operation of the downstream Morganza— (La.) Floodway | and the ‘Bonnet 
Carre (La.) Floodway For medium stages the structures must have a capac- 
ity that is equivalent to the natural diversion capacity of the Old River in a 
order that channels may be developed through t the lower Atchafalaya River _— 
Basin, where such flows will result in bankfull stages. To meet navigation 
‘requirements, a waterway traversing the closure dam must be provided. The | 
foregoing requirements are fulfilled in the design of the low-sill structure and 
the overbank structure described herein, and in the appurtenant channels, 
-Jevees, closure dam, and navigation lock for which planning is under way. 
5 


RAL 
 :, The project, area is on the west bank of the Mississippi 1 River between 
iver mile 301 and river mile 313 upstream from Head of Passes (La.).2 The 

control structures will be between mile 312 and mile 313, and the navigation a a 

Jock will be in a land cut south of the mouth of the Old River. Economic — _ 

considerations led to the decision to provide two separate control structures 


structure, and, ap the of this structure is no greater than 
_ that which is necessary to meet the capacity criteria for lesser flows than those 
= the project flood. | The overbank structure will assure the ne necessary “-maxi- 
mum discharge capacity and will provide a degree of operative flexibility . The : 
4 over-all length of the two structures, including the abutment fill that is 
_ The inlet channel connecting the Mississippi River with the low-sill | strue- - 
7 tt ture will be approximately 2 ,200 | ft t long with a bottom width of 1,000 ft. The 
: outlet channel from the structure to the Red River will be ‘approximately a 
i: miles long with a bottom width of 900 ft. 


Oy Nors.—Published, essentially as printed here, in March, 1956, in the Journal of the Waterways Divi- | 
sion, as Proceedings Paper 909. Positions and titles given are those in effect when the paper was approved | 


wat 1 Chief, Eng. Div. +» Mississippi River Comm., Vicksbure, Miss. in ta provide ~ 
“Hydraulic uirements,” by Fvaene A. A. Graves, in “Old River Diversion Control: A Symposium,” 
a Trencactione, ASCE, ‘ol. 123, 1958, Fig. 3 
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‘The existing Old River channel will be closed by an ea a ‘dam. Levee :° 
will be required to connect the proposed structures to the 
_ main-line levee system. Channel-stabilization works will be constructed in 
the. outflow. channel after the control structures have been operated for a time — 


that a favorable. channel alinement has developed. aoi be 


contrast to the Morganza_ (La.) -Spillway | structure ; Bonnet 
+ Carre (La.) spillway structure, both r requiring operation at infrequent, rela- 
ae tiv ely sh short intervals, it will be necessary to operate the low low-sill structure con-— 


| 


for flexible operation at the least possible construction cost, two elevations — 
were selected for the v weir crest (Fig. 3). The three. center bays, with a weir 7 

crest at El. —5.0, which is the elevation of the approach- channel invert, will 
for ‘the passage) of flows at low stages of the Mississippi 


sp of the dian bays is 44 ft wide, making a total clear width of 484 ft at i. E 

weir. It is estimated that the headwater elevation will vary from El. 67.0 to 
approximately El. 5.0. The tailwater stage will depend on the flow from tribu- _ 

_ tary streams Francie from the structure as well as the discharge of the 
structure. For the project flood the computed discharge capacity of the low- ae 3 

sill structure, which operates together with the overbank structure with = oe. 

headw ater and eleva ition assumed for river 
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In: an to hold the alinement and to prevent ‘the channel 


from meandering, the invert will be paved with concrete for approximately q 
= 100 ft upstream from the gate- ~bay monoliths, and riprap protection varying ts 
a 


in thickness will be placed on the bottom and on the 1-on-4 side slopes for an 
_ additional section of the channel. The concrete paving will be placed on & 


fill of selected impervious material is is designed to withstand 
wits 


3.0 ft derrick stone 


.O ft derrick stone 
2.0 ft riprap 
ft 
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—PLaN OF Cosrmnot STRUCTURE 


is ‘temporarily higher r than on upstream side. The thickness. 


gradation of ote in the approach channel and outlet channel are propor- — 


"periment and by conside ring the ‘computed average welocities. ‘The e stilling 
_ basin will be a rectangular concrete channel that is 566 ft wide near the dow “= a 
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OLD RIVER 
aT" stream edge of mes piers . and flares to a width of 592 ft at , the e end sill. | The 
a width of the section serving the lower weirs will be 150 ft, the floor elevation  =— 
e<3 will | be at El. 12. 0, and the end sill will be at El. — — 9.0. ri For the higher 
an * eirs the floor elevations will be at El. —5. 0, with e end sills at El. - —2. 0. Tw oO 
rows of baffle blocks, which are 10 ft high and are spaced laterally 12 ft : apart, i, 


El. 
> 


SECTION HIGH BAY 


_ 


will be | placed ‘across s both sections of the : stilling basin. U Upstream from the > 
first row of baffle blocks, the stilling-basin slab will be 7 ft thick. © From the face — 


i of the baffle block downstream to the end sill, the thickness will taper to 4 ft. 
The hydraulic design of the stilling basin was based on analytical determina- a 4 
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‘that w were supplemented by model studies of the structure by « con- 
rk" sidering the prototype operating characteristics of similar structures. = 
ey The outlet channel, with a rectangular section at the end sills’ of the two — 
parts of the stilling basin and with invert elevations that correspond to the — 
respective end-sill elevations, will transition to a uniform invert elevation of — 
El. 8. 0 and a bottom width of 900 ft. The side slopes of the channel will be 
| on 4, and the channel bottom and sides will be | protected from scour by — 


riprap and derrick stone for more than 600 ft the end sill. 


+ a, pile foundation to ‘Support the gated | ‘structure and abutment piers v was 

considered necessary to give positive assurance against excessive settlement 

Dm - and to provide adequate resistance to horizontal forces. Normal allowable 

pile loads of 100 tons in compression § and 40 tons in tension were assumed for 
¥ the foundation design. To check this assumption, an excavation was made to 7 { 
El. 0, and piles, which were driven vertically through the silt and sandy-silt | 5 
strata into the underlying sand, were test loaded. . Wi hen the observations © 
a. were analyzed, it was concluded that either a ‘displacement pile o or a nondis- 
aly r placement pile can be driven. It was also concluded that either pile will 
‘@ provide an adequate factor actor of st safety “with respect tc to bearing capacity or failure 7 
of the piles by plunging, as well as assurance against appreciable settlement 
a during a long period of time. Approximately three-fourths of the piles will be 
driven on a batter of 2 on Vi in order to resist both horizontal and vertical loads, _ 
and the remainder will be driven vertically, 

1 The foundation design for the main structure used the Culmann method a 
analysis and considered nine loading conditions, which consisted of no hell 
combinations of gate openings, headwater and shilwater elevations, uplift, ‘and 
bridge live loads. The number of piles indicated for each design case was 
_ computed | for the battered upstream piles, the battered downstream piles, and 

mber 

[In addition to carrying the design loads in compression and tension, the 

piles must withstand handling and driving stresses. The requirement that — 

the piles must be driven into the ‘ “bearing sand,” which is defined as the sand _ 
in which the driving resistances equal or exceed stipulated values, will result in ay 
«1 piles: varying in average length from 8 84 ft to 98 ft, depending on whether r pipe 3 ; 
& - pills, precast reinforced-concrete piles, or r steel H-beam piles | are used. Ex 
perience at the Morganza spillway in driving 20-in., octagonal and square, — 
_ ~precast reinforced-c -concrete piles on a batter of 2 on 1 in 100- ft lengths or more, 
as well as driving experience on other projects, assures that oy shorter 
_ piles on the same batter can be driven satisfactorily at this site. _ ' 

The 44-ft width of the gate b: bays was selected on the basis of : an ‘economic , 
study that involved plotting curves of the total costs of variable items, such as_ 
a foundation, gates, and gantry cranes, against the clear span between 

Piers. The gated section of the structure is composed of a series of reinforced- 

concrete monoliths consisting of a base two which are 
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ae together at the top by the ‘erane-bridge girders. The cection will be divided 
; by joints in the base at the center of alternate bays into a low-flow monolith, 
n transition monoliths, weir-section monoliths, and end monoliths. Three steel 
i a sheet-pile cutoff walls will be provided. One cutoff wall at the upstream end , 7 
of the gate-bay monolith and one in the cutoff key at the end of the stilling» vie 
basin will protect against piping and scour. An additional row at the upstream > _ 
end of the stilling-basin slab will separate the two drainage blankets. Abut- in 
; "ments, , consisting of bulkhead walls which vary in height and which are sup-. 
ported by a series of piers, will connect the gated structure to the adjacent = 


_levee at each side. | The bulkhead walls will rest in slots in the piers that are ov 
in order to permit minor movements that are due to temperature 


ee changes and differential settlement. The design of the upstream wing walls — 


_ and downstream wing walls, which were provided to guide and facilitate the 


> - flow of water to and from the weirs, has been aided by the model studies, which | 


have data on the favorable alinement and wave 7 


SStilling basin El. 42.5" 
O ft derrick stone 
2.0 ftriprap 
45 ftriprap 
PLAN 


DOWNSTREAM ELEVATION a 


heights. hain across the structure will be provided by a two-lane concrete | 


enone gates of the fixed wheel, welded structural-steel type will be — 
i. provided in each of the eleven gate bays to regulate flow through the low-sill > 
structure. Each gate is divided into sections to facilitate handling. The 
three center gates will have three 19-ft-high leaves and one 15-ft-high leaf, 7 
resulting in an over-all height of 72 ft. The remaining eight gates will have 
only the three 19-ft leaves, making an over-all height of 57 ft. The gates will — 8 
be provided with rubber seals, which will be mounted in the upstream face 
along the sides and between the leaves. _ Along the sides the seals will bear on a 
7 i stainless-steel plates, which will be anchored in the masonry. At the iniete 
of the gate, adjustable corrosion-resistant plates, which will be bolted to” 
_ the skin plate, will make metal-to-metal contact with the sill, 
_ The operating plan for the structure provides that the three center gate sal 
4 bays will be opened first, » followed byt the ‘successive ‘opening g of alternate bays 
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OLD RIVER 
— at each side te the best stilling action with minimum eddying. - For a falling — 
aa ” stage the closure will be in reverse order. When a gate bay is opened, * 
7 a leaves will be removed. The leaves will be handled by a gantry crane and, 
“except for the top three central gate leaves, will be stored in slots at the top 


© of the piers upstream from the service slots. Provision for Storing the top — 


itis is necessary to remove the leaves, discharge will not be poniadiai over any of of the i 


The overbank structure is upstream from the low-sill structure and sharesa 
common abutment of compacted fill. This ‘structure is needed to provide the 
- half of ther required discharge capacity that is snot furnished by the low-sill struc- 


ture under the project-flood conditions. For the overbank structure the heod-. 


Timber gate panels ~ 


= weir crest at El. 52.0 was selected because it was representative of ‘the tome 
bank level in the vicinity. The ground surface at the site is approximately © 
4 ft lower than the elevation of the weir c crest. Flow regulation through this — 

. ‘structure will be required to assure that the combined discharge of the — 
structures will follow the adopted plan ¢ of epamntion. wd Hence, it is necessary — 


will be cleared, both upstream and dow nstream, to a width that is approxi- — 
mately 125 ft greater than the over-all length of the spillway between training — 
walls. The average distance from the river to the structure is 3,300 ft. Riprap 


_ pavement will be placed in inne excavated inlet channel at the invert elevation — a 


a 
| 
— 
— 
— 7 
‘2 
— 
— 
— 
— 
2 | 
structure, and the remainder of the area between the river and the structure 
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OLD RIVER 
ace of the structure, yand it will be ex 
tended around the wing walls and on the riverside slopes of the adjacent levee 
ts A stilling basin, _ which was: designed to dissipate the energy of the design _ 
aa of 6,780 cu ft per sec per bay, will extend downstream for 65.5 ft., 
measured from the heel of the weir (Fig. 5). It will contain two rows of bafile ' 
blocks, ¥ which will be 5 ft high and will terminate with a 4-ft-high end sill. a 
shallow outlet channel with invert at El. 46.5 will be excavated from the end — 
_ sill downstream for a distance of 150 ft. The upstream two-thirds of the 
channel will be protected with derrick stone and riprap paving. 
2 ae same bay width of 44 ft that was used with the lower itatiihiin has 
been retained for the overbank spillway. A total of seventy-three bays will 
be provided . The p piers will be 2 ft thick, and thus, the gross length between 
training walls will be 3,356 ft. Flow will be controlled by hinged panels. 
nottinod baroly ot ut hae ads 
wat 10i in. n.X 12 in. timbers io 


Bolts through panel with 


Gare 
f 
Because foundation conditions were favorable with and 
_ consolidation characteristics and were relatively uniform, it was feasible to 
the overbank structure without a pile foundation. relatively wide 
structure base has been provided, and the design incorporates both upstream 
cutoff keys and downstream cutoff keys. These features reduce bearing press 
sures to allowable values and assure ‘against detrimental ‘settlement and hori- — Sa 
ais Bridge piers at 46-ft centers divide the spillway s structure into eee 7 
bays. Expansion joints at the midpoints of alternate bays divide the structure 
into thirty-five typical monoliths, which are 92 ft long, and two 25-ft-long end — 
monoliths. _ Two piers, the weir, the foundation slab, and the two cutoff keys» 
are included i in each monolith. _ Two additional bays at each end of the spillway 
will be 36.5 ft center to center of the piers and will be closed by reinforced. 
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—* naienied clay-tile drain pipes tis will prevent the formation of excessive 
uplift pressures by seepage | water. The circulation of water and the loss" of 
foundation material will be prevented by rubber water stops placed in the | 

_ expansion joints. The slab has been designed to have sufficient weight to 

resist flotation. As in the case of the low-sill structure, access across the struc- 

_ ture will be provided by a two-lane concrete bridge, 2s 

a Each spillway bay will have fifteen hinged panels for controlling discharge 

through the structure. The panels will be of treated timber and comprise — 
a members, which are 11} in. wide, 10 in. deep, and 18 ft long, and are 


fastened together as shown in Fig. 6. To allow for inaccuracies in the timbers, i 
a §-in. clearance between individual panels and a }-in. clearance between the 
end panel ‘and the masonry will be provided. | Although such clearances will 
_ permit appreciable leakage, the quantity is not expected to be objectionable. 
The panei hinges are on the e upstream girder of the highway bridge, which also 
- constitutes the downstream crane e girder, and in the closed position the ; panels _ 


will bear on an 8-in. seat in the upstream edge of the weir crest, inclined 15° _ 


- from the vertical. An eye-bar attac hed to the panel bya a hinge near the lower 
a end, extending the full leng 
the maximum water is to facilitate the underwater attach- 


- ment of the hoist cable. In the open position the panels will be held in a ' 


= horizontal position by a chain and hook attached to the upstream crane girder. 
In the event of interference with normal procedure, due for example to the 


* 


accumulation of debris o or the failure of an the > hinge pins can 


the panels. It can also” be used to handle most of the expected drift. — Two. 
 eranes will be furnished. The upstream crane rail will be supported by a single 
girder, and the dow: will be supported by a girder, which was 
designed to carry, in addition, a section of the two-lane highw ay tied and to 


the rea the reactions of the gate panels. 


bong The ‘required excavations for the control stractares are expected to 


ample ‘quantities of suitable materials: for structure backfill and, within the 


limits of economic hauling distance, for levee construction. There are com- ‘ 
mercial sources of concrete aggregates within a 50-mile radius of the site. 


stability under all conditions, a a gantry | crane was to handle 


Derrick stone and riprap must be procured from sources that are 250 miles or a a 


gical structures for the prevention of uncontrolled flow diversion from the 

Mississippi River into the Atchafalaya River Basin have been designed for the 

" a necessary flow regulation that will satisfy the man many exacting requirements | in 


“Shee 
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concrete bulkheads to form permanent dams connecting the structure to the 
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ments for flexibility of operation and dependability of ¢ control, the estimated 
construction and maintenance costs are believed to be reasonable. _ The com- 
_ pleted works will be a safe and permanent solution of the diversion problem. — 


direction John R. Hardin, M. 
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nant works are being performed under the general supervision of the writer. — | 

Control of the Old River is a feature of the project for flood control and im- 
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TRUSS AN ANALYSIS BY STIFFNESS 


A general ‘method of analysis, which is particularly advantageous for re-— 
ern structures, is developed for pin-connected trusses. The proposed 
method enables deflections, member forces, and reactions for any arbitrary set 

_Ofappliedloadsto bedetermined. 
«Ati is shown that equilibrium and continuity requirements can be satisfied © 
by use of a simple | tabular procedure for writing the stiffness matrix of the 
_ entire structure. _ This is the principal task of the analyst and is sufficiently | 
simple to be performed by nonengineering personnel. No extra complications 


: = from the subsequent introduction of additional redundant members or 


reactions. Once the table representing the stiffness of the structure has been 
- obtained, the complete solution follows from numerical computation. — This 
_ computation can can be performed with a slide tule, desk calculator, or digital | 


Changes in design are accounted for by locally correcting the stiffness - 


> Pa. matrix. Changes in external forces do not affect the analysis. Any deter- 
a. minate or indeterminate structure may be solved by the suggested method. 
4 The basic procedure i is explained and then several examples. 


— 


tba conditions that are well known to the structural analyst. a 
_ will be listed subsequently. Although these basic conditions are not subject _ 
; J to change, detailed procedures for applying them to any given problem can vary | 4 
considerably. The method presented herein possesses certain advantages that _ 
14 become particularly significant for the highly redundant structure. = 4 
___A routine procedure is described herein for satisfying the fundamental re- _ 
a quirements of A. crrmnane and continuity by nny the stiffness matrix _ 


Mechanics Division, as 1070. titles given are in 
paper was for in Transactions. 
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i; _ The main advantage of the method is that it enables a complex truss to be 
analyzed with a minimum of effort. — Numerical operations involving matrices 
3 re used to obtain the solution. This is also an advantage because such com- _ rr 
putations are routine and may be performed effectively on digital computers. 


The structural engineer will recognize that the solution (based on matrix com 7 


- 
putations) is merely an alternative to the various types of relaxation methods 


(such as moment distribution). However, the advent of high-speed computers Uc a 


has widened the horizons for the structural engineer, enabling him to under- j 


- take analyses that would have been prohibitive in the past. sd? nad 
_ Although not emphasized herein, the proposed method is useful when 
structural data are required for a subsequent dynamic analysis. it is 


"necessary to have available an adequate | set of deflection influence anda, 
_ which are obtained readily from the stiffness matrix. 


Propose “Margop re’ 


som 


rule; and (d) or boundary conditions must be satisfied. ed. 
_ The various methods of structural analysis represent the different ‘approaches — a 


that may be used to satisfy these requirements. Ae 
The method presented herein applies to the determinate as well as to. the > = 
indeterminate structure. Although it is applicable in principle to any structure :. 
_ its application to the pin-connected truss will be examined specifically herein. 7 
od Prior to the considera ation of external loads’ or the nature of "supports, im 
arbitrary displacements are imposed on each joint (node) of the truss. For 
example, a given node will be displaced an arbitrary distance in a given d direc- 
tion, whereas all other components ¢ of node displacement are held fixed. The — 
forces required at the displaced node to produce this deflection are oat i 
as are the reactions developed at all neighboring nodes (connected directly by 
<i single member to the displaced node). These forces are known from previ- 
ously determined information based on the stiffnesses of the truss 


_ Each node is displaced in this fashion (successively i in the z-, vs and 
for a ‘Space truss), 


states will represent any possible truss deflections that may occur as a 
‘result of the application of any set of applied loads . Therefore, the force- 
- deflection equations obtained in this manner, can be made sale fit t any loaded — 


a For an actual design problem, some nodes will be fixed because of the : ae 
ports te for the truss—forces at these nodes then become reactions. All 


the structure. This procedure is demonstrated for the truss, and applica- 

4 
— 

a 

— 
— 
__ following conditions: (a) Forces must be in equilibrium; (b) deformations must ~~ - 

— 
. 

| 
q 

- 

displacements to node forces. Because each node has been given an 
4 — 
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TRUSS ANALY 


_ other components of ‘node force can be considered as possible applied loads. 

By specifying applied loads and treating node displacements as unknowns, 7 

‘solution for these displacements « can be obtained from the set of force-deflection 

equations. Once these deflections are known, the reactions at the supports — 
can be found. Finally, because all node deflections are known, the forces — 
induced in the individual truss: members can found. solution will 
Fortunately, the detailed application of the is tabula 
in nature. As a result, it is simple to set up the initial set of force-deflection — 
equations. In fact, the usual practice is merely to set up the matrix of stiffness _ 
influence coefficients relating forces and deflections. — _ As soon as this matrix _ 


has been found, the solution for node deflections, external reactions, and sepa- c 


rate member forces proceeds from routine matrix operations. = | 


-2.—Pin-Enpep Truss 


aly 


in which k is the spring “stiffness,” in pounds per inch. As seen from Eq. ter 
. k can be interpreted as the force necessary to deflect the spring a unit distance. — 


im which i is the spring “flexibility,” in inches per pound. It is useful to 
ie k as the deflection due to a unit load. Similar expressions relate 
and displacements for complex elastic structures. 
: _ Pin-Ended Truss Member.—A pin-ended truss member is shown i in Fig. 2; 
Z,. abit can be applied at nodes 1 and 2. In order to write the force- deflection 
equations, the following notation is established : L is the length of the unstrained 
member; A Tepresents the cross-sectional area of the member; £ is the modulus 


of elasticity. of the member; u denotes the displacement i in the z-direction ; v is » 
the displacement in the y-direction; r represents cos 6 : (same for unstrained 
and strained positions of the e mnember) ; and p wis cos 6, (same for unstrained and q ' 


If node 1 is held fixed while node 2 is displaced a distance as shown in Fig 


20), the change in length of the member is 


WA 


— 
_ 
— 
4 
im 
— 
q 
— ¥ 
— | 3 
— 
Elastic Spring.—In Fig. 1 an elastic spring is deflected a distance, 5, in 
— 
— 
— 
— a 
— 
— 
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the axial P, required to produce this in length 


ile 


AE E. 


of forces the that 
“| 


side 


In the same manner, the member can be to 2 
via while all other components of node displacement remain zero. Repeating this — 
- for all components of node displacement and superimposing results will lead to © 


uw — —Apm)... 


Apu +p? pp v2)... 


- sponding ‘matrix form for Eqs. 6 is 


in a & more compact notation, 


__ The components of P at node2are 
— 
— 
— 
— 
— 
— 
— 
— 
q 
— 
4 — 
— 
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- Eq. 7b corresponds to Eq. 1 for the elastic spring, and the stiffness of the 
4. bar is represented by the square e matrix, (K}. - It sh should | d be noted that [K] is 
symmetric—that i is, if kag is the element in row a and column B of [K], then ij 
kga. This ‘result the well- known reciprocal law for linearly 
“S Tn studying the elastic truss member further, it is useful to establish suffi- — 
cient supports to prevent it from moving as a rigid body. This can be accom- 


plished by requiring at least three components of node displacement to be ee 
For example, ify, = = = te =0, then Eqs. 6 or 7 reduce to 


= F, 


specified, u; can be computed; ui, the reactions can be ‘found. 
i Finally, the force, , P, can be found from Eq. 3, with AL replaced by — » u1. ee 


oy. oO The process explained herein for the : single member can be applied to com- 


plex. trusses. This possesses definite over more aati 
sis, 


oe stiffness of an assemblage of such members may y be A 
example is represented by the truss in Fig. 
. For simplicity it is” assumed that all members 
re aH ont have equal values of A and E. The stiffness matrix 
can be developed by first determining ’, and Ay 
for each member—this is is done i in Table 1. 
_ It is now desirable to form the stiffness matrix 7 
rans for the complete truss. This is the principal task that 
_ the engineer must perform in the analysis, and, as 
The stiffness of any single member is given by Eq. 
“Fre. 3.—Smre = Because, for a truss, members shave various 
“eae indent setlaaAds lengths, it is advisable to bring this term inside the © 
ae That is, every element in the square matrix of Eq. 7a must be multi- 4 
plied by 1/L. _ If the areas of members are di different, A sl should also be brought nt a 
for the truss members, Ii: = a, Li-3 = and = 4a, it 


| 
q 
— 
| 
— 
| 
— 


r member 1-2 


1. 


tru written directly from Table 1. 


in some detail: » 


o 


| 


~ 


first element is in first column in the square of 


stiffness can be written in terms of a4, and common factor, A B/a, 
q 
@ 

Te 
— 
iii 
a aa 
| 
to ue Similar explanations apply to the remainder of the column. Similarly, 
the second column represents these forces due to disnlacement 


2 ond 1-3 (Fig. 


es _ Two checks can be applied to the stiffness matrix. First, it must be sym- 


Noe ea _ Inetric in the sense previously defined for the single truss member. Second, — 
for each column the sum of the z-forces must vanish as must the sum of = 4 


The square matrix of Eq. 11 is the stiffness matrix for the truss. Solution 
= displacements, reactions, and member forces follow from a sequence of is ae J 


bad 


- matrix operations. These are numerical and can be performed on a desk calcu- a. 
Before proceeding w with the solution, supports must be specified for ‘the 
oe truss. _ These supports can be chosen in any desired manner; it is only neces-— 
SRE ‘sary that rigid- body motion be prevented. For the present problem, nodes 2 
—and3 will be fixed, whereas node 1 is kept free, written as 


id 
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ry 
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q. 11. Fore 
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mat 


Bie 


rs 


— 

— 

i 
‘ 

in which - -K22 are obtained from the [K]-values of E 
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ods 


unknown ‘external and and »; are the unknown 


4 Solution for the unknown quantities results from expanding Kq. 13 into the mr 


F 
23 

te + 


4 


.. 1) Pa 


4 which gives in terms of any set of applied loads. 


wt a 


which gives unknown reactions in terms of any set of applied forces. = : 
_ The matrix operations indicated in Eqs. 16 and 17 are standard. Eq. 16 , 
“corresponds to Eq. 2 and, as such, (Kuy" represents the deflection or flexibility ee. 
- influence coefficients for the given truss. The value of [Ki] can be obtained a & 
from the [K] matrix of Eq. 11 by striking out columns and correspondin rows = - 
ng 
for which zero displacements (due to supports) | have been en specified. pone 
- _ The final step is that of determining truss member forces. _ By generalizing — 


— 
.—l 
— 
— 
ff 
qs. 14 are submatrices of [K] in Eq. 11. | 
— 
— 

— 
— 
— 
— 
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“TRUSS ANALYSIS. 


a relationship a applies for each member of the ‘truss. displace-_ 
ments are known in terms of applied loads from Eq. 16, the member forces can 


be computed from ‘Eq. 18 by use of a) a matrix procedure. bie 


Reset 
4a 


s Although the procedure described may seem slic and awkward, 
possesses some pent wert for ‘the structural engineer. These are are as follows: 
2 e proce ure for setting up e stiffness matrix is entirely rou ine ond 
1. The edure f tti the stiff t tirel ti i 
is not complicated by redundant members or redundant reactions. 
oo 2. After the stiffness matrix has been ‘found, the solution for | deflections, i 
reactions, and member forces follows from strictly numerical matrix operations. 24 a 
_ These computations can be efficiently erformed using a desk calculator « 
) P 
“et 3. Any set of applied loads can be inserted as the last stey 
4, Changes in design | only affect local sections of the stiffness matrix a 
4 subsequent numerical computations. As a result, several design peer 8 i 
can be investigated without undue effort. 


Structures kinds of load- ~carrying members ‘(axial- 
_ force members, beams, or torque cells) and possessing a high order of redun- 
daney are eapecially suited to this method. 


— 
— 
4 
4 ‘or the problem at hand the following results are ODtained. 
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a The nodes of the truss in n Fig. 4 rads Wad 1 rates 8. _ The lengths of 
the members can be determined from the dimensions in Fig. 4, and the values 
of A and E will be assumed as the same for each seamaber,: - Supports are 
established that fix nodes nd 8. Therefore, the truss has three internal 

and redundant ¢ components of external reactions. 


= 


or 


=) 
Iti to find u- and v-components of for nodes 3, 4, 5, 
_and 6 as a result of any loading applied at these nodes. In addition, allinternal 
member forces and all reactions are required. As for the e simpler problem of * 
Fig. 3, a table is determined first to give values of », +++ for each member. aoe e 
_ Conversion to ae is made in this table. The common factor on all truss 7 


member stiffnesse is chosen as A E/10. | 
TABLE 2 — 


coo 


99 . 


ran 
0.353 | —0.353 
0.179 | 0.358 
0. 179 


The stiffness matrix is not developed precisely as fo is the simple truss. 


values of in Table 2 are used, and the common factor outside the 
matrix will be A £/10. _ The order of the original stiffness matrix will be 16 
by 16, as shown i in Table 3. 
~ For the truss in n Fig. 4, zero , displacements dine ree at nodes 1, 2,7, and 8. i 


ae it is convenient to wenaeing the matrix of Table 3 to agree with the 7 


7 


— 

[ 
a 

3 
4 

10 | —5 | 11.18 | 0.894 | —0.447| | 000 | —0.400| 0.715 | 0.179 0.358 

7 2-3 10 | 10 | 14.14 | 0.707 | 0.707 0.500 | 0.353 | 0.353 | 0.353 a a 

10 | —5 | 11.18 | 0.894 | —0.447 —() O715 | 0.179 | -—0.358 
10 5 | 11.18 | 0.894 0.447 0.179 | 0.358 
a 58 | 14.14 | 0.707 | —0.707 
67 | 10 | 5 | 11.18 | 0.894] 0.447 
— 
a The 

— 
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Or, in compact form, 


In Eq. 20b, Fs, 4, 5, 6 represents any possible set of ‘applied loads, and Fy, Qn8 


denotes the unknown external reactions. ‘Also, 4, 5, 6 represents all unknown 


— 
following form for the corresponding — 
| 3 
|i 
— 
= 


| 


$216 


= 

3 


node deflections of the truss. ss. The submatrice , are as follows: 


0.358 2.537 0.358 oO 
-0.715 -0358 3.068 0.00 | 
0.358 -0.179 0.005 2532 
0 0 +0179 0358 -0.179] 
—0.358 1.179 0 0 is 
4. 


solution follows that for the s simple From Eq. 206, 


0 

0 

~2 | 

3 


= 


— 


and substituting th this value into Eq. 226 results in 


{Pi 27,8) = (Ku) (Kut {Ps « 5 6 230) 
laborious part of the foregoing analysis is that of finding 
Because the matrix involved is 8 by 8, this is a sizable computation. ) However,” a 


— 7 
— 
— 
— 
4a 
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si 
0.353 | Fy me 
sary 0.179 | Foe 
1 
— 
a 
— 
| 
| 
a — 
— 
— 
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the —_ presented herew ith was obtained in less than 5 min by t utilizing a a — 
ont digital computer. The numerical results are: — 
0.410269 —0.044793 0.060461 =a 029113 0.144549 —0.080315 0.105128 —0.100534]) 
0.044793 1.267086 —0.115404 1.048185 0.080315 0.307294 —0. 0.316080 


0.060461 —0.115404 0.430691 —0.125972 0.105127 0.155132 0.178721 0.130841 
—0.029133 1.048185 —0.125972 1.275019 0.109534 0.316080 —0.130841 0.308777 
a 0.144549 0.080815 0.105127 0.100534 0.410269 0.044793 0.060461 0.029113 
—0.080315 0.307204 0.155182 0.316080 0.044703 1.267086 0.115404 1.048185 
0.105128 —0.155132 0.178721 —0.130841 0.060461 0.115404 0.430601 0.125072 
—0.100534 0.316080 0.130841 0.308777 0.029113 1.048185 0.125972 1.276019 
0.463921 0.502557 0.413503 0.575098 —0.180502 0.082552 —0.279754 0.126525") 


0.026856 —0.228940 0.176736 —0.273505 0.018029 —0.001041 0.087403 —0.008430 
0.16820 —0.724205 —0.234451 —0.726477 —0.193757 —0.304200 —0.063202 —0.277004 | 
—0.145447 —0.577780 —0.112243 —0.543042 —0.136619 —0.192240 —0.022010 —0.175023 | og, 
—0.180502 —0.082552 —0.279754 —0.126525 0.463921 —0.502557 —0.413503 —0.575998 | °° 
—0.018029 —0.001041 —0.087430 —0.008430 —0.026856 —0.228940 —0.176736 —0.273505 
—0.193757 0.304200 0.277004 0.277004 —0.161820 0.724205 —0.243451 0.726477 
0.136619 —0.192240 —0.175023 —0.175023 0.145447 —0.577780 0.112243 —0.543042 
When used in n Eq. 23 these results give ve all components of node deflection and 7 
Sus 


all components of external reactions due to any specified set of external forces” a a 


(applied at nodes 3, 4, 5, and 
- Truss-member forces may be computed by applyin m Eq. 1! 18 t to each member = 


Pig 0.41027 —0.04479 0.06046 —0.02911 0.14455 0.08032 0.10513 —0.10953 
Pea 0.18274 —0.02747 0.50954 0.11244 0.11349 —0.02501 0.10328 
Pin 0.06001 —0.51160 0.39494 —0.61119 0.04029 —0.11233 0.19532 —0.01884 
Pow 0.03673 —0.32696 0.29416 0.40963 0.12791 0.25053 0.09064 0.22818 
Pau —0.03136 0.43780 0.02114 —0.45566 0.05844 —0.01758 —0.04858 0.01460 
Pas —0.26572 0.12511 0.04467 0.13865 0.26572 0.12511 —0.04467 0.13864 
0.04679 —0.13978 —0.14801 —0.19558 0.21821 0.29213 0.00389 0.21438 
Pi —0.21821 0.29213 —0.00389 0.21438 —0.04679 —0.21378 0.14801 —0.19558 Fas (25 
Paw 0.04467 —0.03973 —0.25197 —0.00487 —0.04467 —0.03973 0.25197 —0.00487 Fys 


Pss 0.05844 —0.01758 0.04858 0.01460 0.03136 0.43780 —0.02114 —0.45566 | 
—0.14455 —0.08032 —0.10513 —0.10953 —0.41027 —0.04479 —0.06046 —0.02911 
Pe-z —0.04029 —0.00233 —0.19532 --0.01884 —0.06001 —0.51160 —0.39494 —0.61119 | d 
Ps 0.11349 0.02501 0.10328 —0.18274 0.61145 0.02747 0.50053 tome 


applicable either to statically determinate or statically indeterminate structures. 
The procedure is shown to be especially useful for analyzing highly redundant — 
structures, which is demonstrated for a truss containing a total of eight re- 
A list of specific reasons is given s showing why the method contains several © 
for structural engineers. y tii 7 
a _ Finally, it is noted that the method stig extended to apply to structures 
detailed herein was devised at the: Airplane 
Company, Seattle, Wash. Notable contributions to the development and — 
pplication of the method were made by Marion J. Turner, Ray W. Clough, _ 
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of the Gulf of Mexico natural depths that are for 
> draft vessels. Federal interest in the provision 1 of dredged channels connecting — in 


the port with the gulf began in 1826. _ _ The gradual improvement of the channel — 
= the F Aeron is described and the history of its effect on commercial and 2 


sopmaaingaee 10 ft and, originally, a a controlling depth of “approximately 5 ft 
r over the bar at the mouth of the river (Fig. 1). _ The pass between the bay and © 
S the Gulf of Mexico is about 3 miles wide, and the original natural controlling = 
depth over the entrance ce bar was approximately 23 ft. The mean range of ‘tide. 
is about 1.2 ft at the lower end of the bay and 1.5 ft at the upper end. - Except 5 
e.: during storms, the extreme range is approximately 3.5 ft. Hurricane winds 7 - 
; have raised the water levels in the bay to as much as 11.6 ft above mean low a 
water and depressed it to 9.7 ft below mean low water. Both the bay and the 
a entrance bar require dredging to provide adequate depths for ocean-going 
7 vessels. _ The federal government began channel improvement in 18: 1826, 7 
Through the years the dimensions hav increased gradually, commensurate 
with the increasing dimensions of vessels calling at the port. Essentially, the i 
harbor project presently (1958) consists of a bar channel which i is 38 ft deep — 
and 600 ft wide, a bay channel which is 36 ft deep ‘and 400 ft wide, and a river 
channel which is 36 ft deep over varying widths. The over-all length of the a 
main channel from the gulf to the highway bridge over the Mobile River is 
approximately 40 miles. Depths of 42 ft on the bar and 40 ft in the bay channel 
and river channel have been authorized and will be dredged whenever the 


Nore. —Published, ‘as printed here, in May, 1957, in the Journal of the Wakerwaye ‘and 


] oa Harbors Division, as Proceedings Paper 1241. — Positions and titles omen are these i in effect when the paper ; 
_ was approved for publication in Transactions. 
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e, the limits of the Mobile District of the 


In addition ve Mobil 


4 other deep-water harbors—Gulfport (Miss.), Pensacola, (Fla.), Panama City — 
(Fla.), and Port St. Joe Ue. ) . All these harbors are actively engaged i in 
foreign and coastwise trade. With the exception of Gulf port, the harbors : are 

3 in sheltered embayments in which there are large areas with natural depths that — 


are for som some larger | and i in which siltation problems 
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reocra. provecr INSET 


user » 
x300'9 
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a Mileoge on Mobile Ship is from Cochran Bridge on 1 Mobile River 


bite Fro. 1.—Location oF Mosite Harsor Anp CHANNEL 


harbors are of the eystem. 
However, in spite of their natural advantages, they have not kept pace with the. 
‘ phenomenal growth of f Mobile, Alabama’s 8 only : seaport. This gulf coastal port, 
on which the federal government has spent approximately $20,000,000 to over- 
come troublesome shoaling problems, presently accommodates nearly four times" 
bined. Mobile’s gro 


the tonnage of 
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resul 

- *} The Port of Mobile is situated strategically at the head of a virtually lon 

- p locked bay “and at the mouth of a a navigable river system that extends through | 


Me Mobile Bay has been known by more | than one e name, The | Spanish first 
7 termed it Spiritu Santo, and the English, , noting its s shape, designated it at « one — 
: time as Gunstock Bay. The bay was first discovered and explored in 1519 aan 
? the Spaniard, / Admiral Alvarez de ' Pineda, who | recognized and noted its stra- 
edition map that was 
a sent to Spain the filemon year. The Spanish expedition of Tristan de Luna 
visited Mobile Bay in 1559, but failed to establish a post there. . The Spanish 
7 explorers left nothing tangible to be associated with Mobile Bay except nautical — 
charts, which later furnished the French explorers with a geographical knowl- 
vs edge of the area. Under the leadership of the Canadian seaman, Jean Baptiste 
Le Moyne, Sieur de Bienville, who made use of the Spanish charts, a temporary >< 
Post was established in 1699 on Dauphin Island opposite the entrance to Mobile ly A 
_ Bay. In 1702 a permanent French colony, known as Fort Louis de la Louisi- © 
_ anne, was established by Bienville on the Mobile River at Twenty-Seven-Mile q 
- Bluff, 1 which, as the name implies, was approximately 27 miles upstream from 
he: present city near the town presently known as Mount Vernon. = 3 | 
Fort Louis was | settled simultaneously the establishment of a perma- 


= Mobile Bay because of the shallow water. However, at that time, an excellent, 
_ crescent-shaped anchorage was available in a sheltered cove between the eastern 
: 7 end of Dauphin Island and a small sand island to the south. The anchorage, + 
believed to be from 30 ft to 35 ft deep and large enough to accommodate from 7 ; 
fifteen to thirty ships, was connected at its western end with the Gulf of _ ¥ 
_e by & pass that was 20 ft deep and as wide as the length of a a French 
ship. At the little harbor, supplies destined for Fort Louis were transferred to ie % 
shallow-draft vessels and freighted up the bay and river ors A warehouse a 
‘built on on Dauphin Island in which g goods awaiting transfer were stored. 11a) 7 
‘% Fort Louis was the first capital of the vast Louisiana territory, and Dau- 
phin Island, 60° miles to the south, ‘served as its port for fifteen years. The 
fort at Twenty-Seven-Mile Bluff was abandoned in. 1711, the colonists 


= 


the a ‘Tiver ver flood an and d high ‘tides resulting from a hurricane in in 


_ Mobile prospered until May, 1717, when a severe southwest storm washed 


er sand into »:ie.nae narrow pass connecting the Dauphin I Island anchorage with the 
— 


= 

One or the richest Mining and industrial regions in the souvcn. ihe city was 

once a peaceful Indian settlement known as Maubila, which was the capital of | 
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| French had contemplated the move in order to reduce the distance between the a ae i oe 
| fort and the warehouses on Dauphin Island, and to place the settlement within § [7 
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(1198 
of Mexico, bottling: up the harbor. Communication 
: ‘af sea during colonial times was essential, and the disaster at Port Dauphin forced a 
a the French to shift the capital of the Louisiana territory to Biloxi (Miss.) a 
Mobile was retained only as a supply depot for Indian trade along the water- 
ways leading into the inland areas. bas ved 
_ Historians have contended that it is a geographical 1 rule that every impor- 
am) _4 “tant city in the world is built at a crossroads, or at the junction of vital trade , 
; routes. Upon examining the map, it may be seen that Mobile is a nerve center, 
with trade routes radiating from the port of entry northward along the Alabama 
‘River and the Coosa River, t the Tombigbee River, and the Warrior River into 
a rich and productive land, and along sheltered intracoastal routes to Pensa- 
a Reon Biloxi, and New Orleans, La. All these natural physiographical advan- 
— tages combined to encourage the inevitable growth of the port. be In addition, — 
aa) _ the political advantage of being the only seaport in Alabama in modern times — 
— - placed Mobile in a decidedly better competitive position from the stand- 
‘point of ocean shipping than many other gulf ports. — The setback caused by 
the deterioration of the Dauphin Island anchorage was : relatively short-lived. 
_ Shallow-draft vessels could be accommodated at that site, but it was still nec-— 
a = for the larger supply ships to anchor i in the lower Mobile Bay and © 
transfer their cargo to lighters for the trip. up up the bay. hike 
_ The control of the new colony passed from the French to the ‘British j in 
1763, then to the Spanish i in 1788 . Mobile hoisted the United States flag i os 


ee in 1819 eon ‘after Alabama was admitted to the Union. In 1820 what i is 
presently Mobile County had a pe population c of approximately 2 
As is the case at present, port facilities in the early years were located « on 
7 _ the west bank of the Mobile River, extending from its mouth for several miles 
upstream. Obstructive sand bars” slightly downst 
, prevented direct access to the city wharves, but vessels Sait 8 ft or oll 
aan could bypass the shoals by sailing 12 miles up one of the deeper distributaries 
Pad 4 in the Mobile delta to a junction with the main n stream , and then back down 
_ the main stream to Mobile. Vessels of deeper draft still had to be anchored in © 
lower Mobile Bay for interchange of cargo with lighters or shallow-draft river 
boats. The circuity of the route to the port and the added e expense of lightering 
cargo from the lower anchorage were responsible, at least in part, for the de- 
-_-velopment of a port at Blakely, Ala., on the comparatively deep Tensaw al 
across the Mobile Delta, approximately 10 miles northeast of the present 
Mobile site. Blakely was an official port of entry of the United States, with 4 
customs office, a shipyard, and a population in 1820 of approximately 3, 500. 
It is axiomatic that the life of a port depends on deep-water access from the ‘ 
sea to the docks, without intermediate lighterage requirements. In 1825 an 
officer of the United States Engineers v was stationed at Mobile and was nl " 
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provement of Mobile Harbor, Pass aux Herons, and the Pas 
Herons and the Paseagoala” 
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"MOBILE, ‘HARBOR 
. Federal interest in an simile — at Mobile was inaugurated on May 20 — 
1826, when Congress appropriated $10,000 for removing obstructions and in- — 
creasing the channel depths to the port. With these funds and later appropria- 
Pinto Pass was improved, opened to traffic in 1829, and | maintained 
until 1837. Ocean shipping was facilitated by this program, but many larger _ 
ships were still compelled to anchor in tt the lower bay and transfer cargo to — : 
Beginning in 1837 and extending to 1857, United States Army engineers __ 
dredged and maintained a depth of 10 ft over the obstructive bars atthe mouth 
of Mobile River so that the larger vessels would have direct access to the city. | _ 
a. This was a period of great | prosperity for the port and its trade area. River ? — 
traffic composed the life of the city and the state. The plantations along the 
ci Tombigbee River and the Alabama River systems furnished an abundance of 
Be with cotton predominating, for. export through Mobile to England, 
_ France, Germany, and many other countries. The packet boats, which trans- 
— the products of inland Alabama to realy also brought 1 many wealthy 


2, at the the inception of United administration to o nearly ° 
In 1839 Captain John Grant, a a retired army engineer, ‘opened up Grant’ s 


Pass to a depth of 6 ft Mobile Bay and Mississippi Sound 2 as a toll 


appears to have been the first step toward establishing what i is 5 pecnentiy the = 
Gulf Intracoastal Waterway, an trade route in the on 
channels approaching Mobile. However, by 1860 these channels had shoaled aa 
to a depth of 74 ft, and during the Civil War the Confederate Army strength- a 
; ened the defenses of the city by blocking the approaches through Choctaw 
— Pass and Pinto Pass with multiple rows of piling and obsolete vessels filled with : 
stones. When trade was resumed after the war, merchant vessels were again © be 
- forced to take the devious route through one of the delta streams to reach the ~ 
is the bars at the mouth of the river to a depth of 13 ft. Thereafter, the — 
_ improvement of the ship channel through the bay kept pace with the rapid = 
4 growth and development of the interior. - Statistical records show that each © _ 
4 time the harbor channels were deepened, water-borne commerce at the port ; 
increased. — Space limitations prohibit a detailed description of the extent to — 
which the channel dimensions were increased and for what specific reasons. 
good example of how the channel depth affected the economic well-being of the a 
- port city can be f found by studying the history of the era immediately following 7 
are the Civil War. _ During that period, only one railroad extended from Mobile 
“into the interior, and most of the cotton, which comprised the principal = 
commodity of all southern ports, was shipped to Mobile by river steamer 
than by to ‘the fleei Sachorage in lower Mobile Bay. Other 
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southern ports were well served by railway lines, and most of the ports had 


deep-water access to the docks. Rapid transit offered by the railroads 
_ planters and merchants in the inland areas to do business with the ports, and, 
: 7 because railroads were more interested 3 in poe with deep water at the wharves, 


affected every ime of business. was widespread, and 
there were less profits for the > brokerage firms and others that handled cotton. e 


Water-borne commerce — 
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Annual 
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Commerce, in millions of tons 


Annual cost, in$100000, 


‘? a result of the concerted efforts of local tradesmen, a channel improvement 
program was begun i in by the federal government and was conducted 
a continuous | waterway was available from the wharves to the gulf that 
was ae enough to eliminate expensive lighterage operations. History records — 
that Mag improvement | in water-borne commerce which followed was quick and — 
3 

All business firms were given new life, and the period of Seren 
ended. 
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Briefly, the bay-channel depths and river-channel el depths were by 
the federal government from 10 ft to 13 ft, during the period. from 1870 to a 
1876; to 17 ft, during the period from 1880 to 1889; to 23 ft during the — 
from 1889 to 1896; to 27 ft, from 1910 to 1914; to 30 ft, from 1918 to 1926; and 
32 ft, during the period from 1930 to 1934 (Fig. 2). The bar channel first 
- received attention in 1902 when Congress authorized dimensions of 30 ft by a 
nd 300 ft. In 1917 the authorized dimensions of the bar channel were increased in 
=a to 33 ft by 450 ft, , and in 1930 another increase was made to 36 ft by. 450 ft. a 
_ From time to time various side channels and turning basins were added to the 
_ project. In the 1954 River and Harbor Act, Congress authorized dimensions j 
of 42 ft by 600 ft across the entrance | bar, 40 ft by 40 ft in the bay, and a 
: - of 400 ft in the river channel as far north as the highway bridge, including — 
a new turning basin opposite Magazine Point. The first phase of this develop- 
"ment is completed. be It consists of a 38-ft depth | over the bar and a 36-ft ,depth. 
in the bay and river. Actually, in order to compensate for the shoaling that 
was expected to take place in the bay channel and river channel during the all 
7 ie process, the contractor was required to excavate to a depth « of 38 ft, 
with a 1-ft allowable overdepth. This first phase of improvement required the yds 
a removal of nearly 34,000,000 cu yd of material. Approximately 20,000,000 cu 
i. yd of additional dredging will be needed to provide the 40- ft project. - This 
project will be provided when it is found warranted by shipping demands and — Ww 


. In the 130-yr period beginning i in 1826, the United States Government has” 
- or approximately $8,700,000 for new work dredging in Mobile Bay and 
Mobile River and nearly $11,300,000 for maintenance to restore authorized, — 
periodic channel dimensions. "During the period from 1870 to 1956, the quan- 
tity of material actually removed during dredging comprised nearly 320,000,000 
cu yd. Bay-channel dredging was contracted for 50¢ per cu yd in 1870; for 
17¢ per cu yd by 1875; and from 1875 to 1900, as the efficiency of excavating . 
machinery increased, unit costs decreased gradually to approximately 7¢ per 
. cu yd. In more recent years, maintenance costs have usually fluctuated from 
as little as 3¢. per cu yd to approximately 6¢ per cu yd, with 1 new work costs | 
slightly higher. Contract price per cubic yard for the most recent (1956-1957) | 
new work in the bay was 8. 27¢, and in the river, 15.47¢. Excavation i in the 
Ss channel, for which a government-owned hopper dredge is used, 77 ae 
costs on the order of 18¢ per cu yd. <a 
Until the early 1900’s the bay and the river channel were 
by dipper, or clam- shell dredges, the material being loaded on scows and hauled . 
to ‘the spoil areas. During the early history of the project, the clam-shell pe 
_ dredges removed on an average of from about 2,000 cu yd per day to 4,000 cu 7 
yd per day. _ Toward the end of the nineteenth century and during the early J a 


3 10 000 cu yd per day. “Between about 1900 and 1910, the hydraulic dredges Ce 
with their tremendous excavation capacities began t to be used on area projects. —_ 


large hydraulic dredges used to enlarge the bay channel we river 
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- = particular section of the channel ining , dredged por type of ‘material e en- 
countered. The largest of the three dredges used had a 30-in. suction line, a 
 27-in. and a2 »100-hp diesel | engine on n the pump. The 


3 two pumps, each with 1,150-hp motors, 30-in. suction pipes, and 27-in. 
discharge lines. The bin capacity is 3,000 cu yd 

Based on the twenty-two year during which the 32-ft project was 
effect, the average annual siltation rate in the bay channel and river channel, , 

as determined from maintenance-dredging records, was 3,556,000 cu yd and - 

- 410,000 cu yd, respectively, or a total of nearly 4,000,000 cu yd. - The degree — 

_ to which the shoaling rate in the bay and river has varied with channel cross-— 

sectional areas is illustrated in Table ai 


of maintenence dredging and allocation of Sot 


Taste 1.—Comparison or Averace ANNUAL Drepaine 


: sannel dimensions, completed Avera re annual m maintenance 


ing, in cubic yards 


23 X 50 to 100 1896 > 1,127,000 


nel have resulted in ‘significant i increases ‘in the 


. 


: appear to be relatively stable on a l-on-5 slope, nor does the bed of the channel | 
Tise, 0 or sides: flow i in. Siltation is due principally to the tidal 


channel. "The material that i is carried by the cross currents, either in suspen- 
sion or § as bed load, is deposited in the channel and, , due to the reduction i in 
current velocity, i is not carried over the opposite bank. 
_ Maintenance is performed each year for designated sections of the main ~ : 

_ channels, the work being programmed so that each section will be redredged in 
three-year to four-year cycles. The bar | channel is subject to filling from lit- 

7 toral material moving predominately from east to west and is redredged about : 

a a every two or three years. _ The annual average shoaling 1 rate, based on a ate 
year record for the 36-ft by 450-ft channel is approximately 178,000 cu yd. 4 
Material from bay-dredging operations is through floating pipe- 


“mound. openings are left may | be required by small boat 


aay _ = in 1956 and 1957 worked twenty four hours per day and removed, during an a 
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finds its way back to the channel. Ne Most of the from river 

— ing is discharged through : a shore | pipe to spoil areas along the eastern edge of 

Pinto Island and east of the highway on Blakely Island. | _ Temporary | ease- 

ments have been obtained fr from property owners for this purpose, and either 

easements or long-term leases are being ‘sought for some areas in 

order that spoil from future maintenance operations will not present disposal 


"Daany factors have influenced the growth of commerce and industry at the — 
3 _ Port of Mobile. The French settlers, who were essentially traders, imported 
_ blankets, cloth, and axes from France to trade. with the Indians for skins and 
ra - furs which were to be exported to France and England. The bulk of ch 
_ water-borne commerce at Mobile during early colonial times consisted of such — a 
miscellaneous items. ‘Then, in 1793, the cotton gin was invented, making the 
- growth and marketing of cotton profitable and of worldwide economic impor- — 
tance. The greater quantity of cotton that was grown in upstate plantations — ; 
was transported via the Alabama River and the Tombigbee River to — 
: & export to European mills. The strategic position of Mobile in this trade a 
made it one of the leading ports on the Gulf of Mexico and a rich economic 
prize for the European countries competing for the possession. 
‘The railroad building era after the Civil War fostered the development of - 
the second export commodity. ‘The railroads tapped vast forests of 
virgin pine ‘and hardwoods in the inland areas, and the lumbering business, — = 
which flourished in the ensuing years, furnished cargoes to vessels leaving © 
Mobile for many destinations. By extending the boundaries of the port’s 
trade area, the railroads tended to diversify the import, export, ar and coastwise r ‘nee 
Birmingham, Ala., was established in 1871 in a region that was rich in coal — 
and -iron-ore deposits and vation ‘minerals needed to produce iron and steel. ‘= 


nineteenth century, and the of the Warrior-Tombigbee 
to provide a a cheap route to further enhanced 8 


struction of the Mabnihe State Docks and Terminals in 1928 was ‘probably 
the most significant. ‘i ‘In 1948 a weekly periodical? of the e United States Depart- 
of commenting the state docks, stated that been 


at et they f form the strategic ic link between the | hinterland and the water ‘ 
of the world. They represent the State’s successful effort to increase 


_ 2"*Mobile Wins New World-Trade Rank and Sets Still Higher Goals,”” by Annie 8. Howard, Foreign 
Commerce Weekly, U. 8. Dept. of , June 26,1948. 
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early 1900’s, cotton, timber, lumber, coal, iron and steel, sulfur, bananas, sisal 
| grass, and manufactured articles formed the bulk of the export-import trade. = 8 8 @@ 
q _ Tonnage handled over the city wharves increased steadily from less than | : oo 
500,000 in 1880 to 3,000,000 in 1925.0 
developments: described previously contributed to the growth of 
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MOBILE HARBOR» 


fi flow of commerce the port to benefit of the whole 


4 As oat in Fig. 2, statistical proof of the beneficial effect of the state docks « on 
the port is the fact that 4,000,000 tons of commerce handled in 1928 had i in- 
principal. units of the docks system | include the following : 

. Three piers, which are 1,600 ft long, and a . riverside wharf, 1,700 ft long, — 
all with steel and concrete ‘transit sheds and warehouses of modern design pro- 
viding 2,221,000 sq ft of covered storage; 
hohe: A shipside bulk-material handling plant with an optimum capacity of 
600 tons per hr onto ships, and unloading equipment consisting -of five towers, 

_ with capacities ranging from 300 tons per hr to 800 tons per hr each of bauxite, . 
3. A ‘Ghipside, bonded cotton warehouse and a high- -density press; 
4 4. A shipside cold-storage plant with a quick-freezer; 
A grain elevator with a 1,600,000-bu capacity ; 


olitigl? A terminal railroad with a car-holding capacity of 1 000 cars, conecting 


house tractors and lift trucks; and several portable conveyers. gyri el 

= berthing and terminal facilities to accommodate three ships are being con- 
structed, and— a building to house an international trade mart is planned. 

_ When the new facilities are complete, twenty-eight ship berths will be available __ 
a at the state docks, and the entire port will afford berthing space for approxi- — 

mately fifty-five ships. ‘The total investment in the state is 000 000, 


and a $5, 000,000 expansion program is presently under way. 4 


the state docks system in ‘operation, developments 
_ have promoted an additional increase in the receipt and shipment of pred 


‘eduapenies to search for new sources in South America and other countries. 2 
As a result of the discovery of important deposits in Venezuela, in 1954 ship- “= 
- ments to the Birmingham mills were begun, , and a newly constructed bulk — 
~ handling plant at Choctaw Point at the mouth of the river was put in operation. | 7 
The new plant has an unloading capacity of approximately 1, 300 tons per hr. q 
The ore is unloaded by a grab bucket onto conveyer belts and then into either — 
rail hopper cars or barges. Ore imports were 2,000,000 tons in 1955, and in 4 
@ the near future, steel interests expect to import not less than 3,000,000 tons 
annually. - Three of the largest freighters afloat (60,000 tons deadweight) s are = 
‘The recent discovery | of crude oil i in Mississippi and Alabama was f followed — 
by the construction of port. outloading facilities, including a storage tank farm — 4 
just upstream from the state docks’ property a crude oil pipeline 
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in Best ‘More than 1,000,000 tons a crude oil were shipped in 1955 from 
these facilities by coastwise tanker to Atlantic and Gulf 
the volume increases daily as new wells come into production. 
_ The increasing use of aluminum and aluminum products in the aircraft and ‘ Aa 7 
7 other metal industries has caused the demand for bauxite from foreign sources ~ - a 
‘¢ to rise. In 1955 > nearly 2,500,000 tons of bauxite were imported ed through 1 the ae 
Pw c bulk materials handling om at the Alabama state docks i in ships rar ranging to = a, 


to the Bureau of Business Research of the of Alabama, 
at University, the Port of Mobile is. well balanced and exceptionally 


i equipped. It has an excellent combination of a good harbor, inland waterway : 
arteries, intracoastal waterway arteries, rail facilities es to maintain its posi- 
tion as a leading port. The harbor has terminal and port facilities that are 
among the best in the United States, with all types of ship services available. — 
A canalized waterw ay via the Mobile River, ‘Tombigbee River, and Warrior © 
Ber: provides adequate « depths for modern barge traffic between Mobile and 
the rich, industrial Birmingham region in north-central Alabama. The ulti- | 
mate development of of the Alabama-Coosa branch of the Mobile River system, he 
the initial dev relopment. of which is ; authorized, will further enlarge the system — a 
of waterways connecting Mobile with the inland industrial sections of the — 
state. _A continued industrial expansion is indicated i in the Mobile area, and an 
- port activ ity is expected to increase with the n new, deep 36-ft channel and after a 
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V. B. WE M. AS se 
average Amb for any stream a posted of years tends to 
conform to a characteristic geographic pattern, whereas year-to-year runoff 
: --varies widely, Annual runoff in the United States during the 4-yr period from 5 
 - to 1956 is analyzed briefly. The paper describes the rapid expansion of 
_ irrigation in the eastern states and emphasizes the importance of hydrologic oY 
analy ses and legislation to meet problems that will arise a8 ar result of oe 
ham The United States is becoming increasingly w water conscious mainly ‘because 
a of water problems that have developed i in many communities during recent 
“years. The rapidly increasing use of water has caused some concern over the — 2 
possibility that the nation’s future economic growth may be handicapped by 7 2 
an inadequacy of water. i a result of diminished precipitation, since 1951 
ad streamflow has been. generally less than normal over much of the southern half 7 
a of the United States. In the southwest, drought has prevailed since the middle _ 
s, and many other communities in the United States have e experienced 
4 temporary w water shortages. Although there appears to no significant 
dwindling of the total water supply, the margin supply and demand 
_ Availability of water probably will be a limiting factor in the further « ex- 
5 pansion of certain uses of water in some areas, and it is almost inevitable that — 
_ conflicts between types of uses will become more frequent. There is need for 


nationwide coverage of ups -to-date legislation governing the use of water. 


DISTRIBUTION OF ‘Ruworr than 


_ The total amount of water on the earth is almost limitless as compared with 
: the needs of man, and, as far as is known, it remains practically constant. ry 


 Nore.—Published, * as printed here, in June, 1957, in the Journal of the Engineering 
Division, as Proceedings Paper 1272. Positions and titles given are t those i in effect w when t he peer wes 
approved for publication in Transactions. 
! Chief, Surface Water Water Div, Geological Uz 8. of Interior, 
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- man for his use as a result of the natural phenomena known collectively as the 
hydrologic eycle. The hydrologic cycle is affected by many natural influences. 
As a result of some of these influences, such as physiography and prevailing ba 
winds, the distribution of moisture tends to follow a geographic pattern. AS P 
8 result of other and more obscure influences the p pattern of moisture distribu-_ 
tion isirregular with respect to time. 
- a generalized geographic pattern of average annual runoff in the United 
- States is shown in Fi ig. 1. The. figure illustrates that water is much more — 
plentiful in the east than in the west. The average annual runoff is less than to 
= over large parts of many of the western states—an aggregate area of more i 


small part of of the water is distributed over the and available to to 


Fie 


25% of the. ne total area of the United States. However, in the eastern 
3 states the average annual runoff is generally in excess of 10 in. In twelve =] 
me: states east of the Mississippi River, it is 20 in. or more. The nationwide total 7 


ss averages a roximatel 9 in. per yr, or a roximately 30% of the average 7 
more is the time distribution o of moisture. In: view of the 
_ rapidly mounting use of f water, the water shortages experienced i in recent years 
resulted in some concern over the possibility of a downward trend 
- water supplies as a result of long-term climatic trends. Streamflow records 
that have been collected by the Geological Survey, United States Department 7 
of the Interior (USGS), for a period of 50 yr or more do not indicate a persistent g 


nward nationwide trend, when adjustments are made for man-made 


© *“Annual Runoff in the United States,” by W. B. Langbein et al., Circular 58, Geological Survey, pics 
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_ changes i in the consumptive use of water. Far-reaching climatic trends appear 
to be so gradual as to be scarcely discernible within a lifetime. Of much 
greater immediate significance is the great year-to-year variability i in weather 
and the apparent tendency for wet years and dry years to group in soquenets 
in which one or the other predominates. oudaiout lo oda 
-« d The year-to-year variation in streamflow i is due to a combination of diet 
conditions and hydrologic conditions. This variation is greater than that — 
taking place in precipitation because of the fact that streamflow is residual. 
_ With nature’s “take” remaining relatively constant from year to year, the per- 
: 4 centage difference in runoff is much greater than the percentage difference i in 
4 rainfall. _ Furthermore, and for the same reason, the percentage difference in — 


w annual precipitation than i in 
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4 climates. The difference i in | distribution ‘is ‘of considerable 


= The effect of difference i in streamflow variability i is demonstrated by a com-, ‘ 


: Kans. , and the Pearl River at Jackson, Miss., for the 27-yr period from ‘2 7 
to 1955. The annual discharge of the River, whose annual runoff 
approximately 5 in., varied from 9% to 410% of the median annual discharge, sie 
whereas for the Pearl River, ‘whose annual runoff is approximately 20 in., the 7 
range was only from 42% to 222% of the median annual discharge. - 

For purposes of general ¢ classification of runoff conditions, a USGS oe 

tion? classifies streamflow as deficient, normal, or excessive, and also 0 expresses 
the discharge as a percentage of the median for the base period from 1921 to © 

1945. _ Deficient annual discharge i is defined a as the discharge among the | lowest. 
4 25% of years in the 1e base period. Applying this definition to the annual dis- 


- charge of the Pearl River and Neosho River for the actual period of record, 4 ' 
it is found that the deficient range in annual discharge on the Neosho River i is 
4 = the ‘discharge less than . approximately 30% of the median annual discharge, 
and on the Peart River, less than approximately 707%. Thus, an annual 


whereas s an annual discharge | of 35% « of the median would be within the e normal 

range on the Neosho River. The preceding two records were chosen because 
_ they are streams in the general area that illustrated the point that was being ‘ 
made, but they are not extreme examples of the runoff conditions for either a ; 
isa drought? Many general definitions can found. Webster's N. ew 
_ International Dictionary defines drought as “* * * such dryness of weather or 
: a climate as affects the earth, and prevents the — of plants,’”’ which probably 


a drought quantitatively i in terms of rainfall, streamflow, or soil moisture. —_ 


2 Water Resouress Review,” aterm Survey, U. 8. Dept. of the Interior, Washington, D. C., 
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nay be classified broadly as (1) water supply droughts ans and (2) 
eae pane - Both may be the result of climatic conditions, or the 
result of the demand outgrowing the supply. Provided that the needs for — 
rns in a community are satisfied, no evidence of droughts is noticed, however fr 
_ small the supply may be. - Conversely, when needs for water exceed the supply, 
an apparent drought exists even though the deficiency may be no greater than c 
can be expected to recur every few years. However, when deficiencies occur q 
_ simply because the ‘supply has been overdeveloped, can such deficiencies cor- 7 


ith the type of irrigation common to : an area. Deep-rooted grasses and cy 
“trees can withstand a drought: of several weeks, whereas shallow-rooted vege- 
tation will: will be badly damaged. _ In areas in which long periods of no rainfall — 
- occur every year, native vegetation adapts itself to the climate and man makes P. 

_ provision to irrigate his crops. In these areas droughts occur only when the 
_ supply of water is is insufficient for irrigating the usual acreage. _ 13 ZX 
Ina country as as s large as the United States and one that is subjected to such — 
a diversity of climatic influences, it is only in an unusual year that streamflow — 
a is within the normal range in all parts of the nation. The occurrence of moisture © 

- deficiencies and consequent deficient rt runoff in some areas | of the United States 

_ may be considered normal. However, the present. drought i in the southwest | 

is of such a wide areal extent and of su such persistence that it is undoubtedly 

one of the major droughts on record. fo Rox 
P. For the past several years, the USGS has been in the process of a 


a... effect of a dry period varies s widely with th the type of vegetation and > 
Ww 


: pew the year ending September. 30, 1956, even if it resulted in an interim 
_ rather than a final report. More than one wet year will be needed before it —_ 
can be stated that the southwest drought is really finished. 
ial The southwest drought began in Arizona and New Mexico in 1943 and _ «3 
except for occasional temporary relief, has persisted. It gradually spread - 
eastward and northeastward as far as Illinois. However, runoff for the water 
P year ending September 30, 1952, was normal or greater i in all the states on oil ; 
the gulf states (although during the summer, runoff was deficient over large 


areas). Hence, attention is directed mainly to the annual runoff for the 4 yr 
_ During the foregoing period, annual runoff was deficient or in the low- 
‘normal range | over most of the southern United States from the Atlantic Ocean eo * 
to the Pacific Ocean. most notable exception was an area embracing 
"Mississippi and Louisiana and parts of the adjacent states, in which runoff _ 
was greater than median and even excessive in 1953. In 1954 the areas of 
‘deficiency: spread widely. Conditions improved slightly in 1955, and in the 
‘southwest the drought pattern showed signs of disintegrating. 
e during 1} 1956 no definite evidence was observed that the drought was generally | 
; abating. In fact, annual runoff reached new record lows at three key gaging 
i= _ Stations in Arizona and one in Texas, as well as two in Florida, one in Virginia, = 


and two in western North Carolina. These key stations are used by the USGS © 


> 
q 

y 

| — 

q 
| — 

— 
— 
q 

.—l 

— 


SURFACE WATERS» 


; These sta statistics show “that the drought conditions are widespread and most ost { 
_ The number of deficient in the 4-yr period from 1953 to 1956 serves 
“4 as an index of the d deficiency of annual runoff i in the United States es during that a 


4-Yr Periop rrom 1953 To 1956 
period. “Contours” indicating | the years at ll 


that was used? are shown in Fig. 2. 


: 25% 0 of the years i in the base period from 1921 to 1945. _ Accordingly, a defi- 
_ ¢lency in n annual runoff during lyr of the 4 yr could be expected o on the average. 
- Moreover, because of the fact that wet years and dry years do not follow in — 
7 regular sequence, it could be considered normal to find a scattering | of points 
of 0 yr, 1 yr, or 2 yr - deficient out of 4 yr, but only in ‘an area of protracted 
_ drought could a consistent pattern of from two to four deficient years out of 
- four be expected. _ The lines j joining the points of an equal number of deficient 4 
emphasize the sev verity and scope » of the drought. 
The area of the drought during the last 4 yr is delineated sg a 4- “yr con- 
“tour. 7 Less severe are i 


| 
| 


ac ss indexes of runoff conditions in the general area in which they are located. - re 
Annual runoff in the state of Oklahoma for the year 1956 was the least of any 
a calendar year since the collection of streamflow records began. The power 
i 4 7 output of Bagnell Dam (Osage River, Missouri) in 1956 was the least in 25 yr ic, 7 
oo P- of record, and was only 12% of the average annual output for that period. © + 
Combined storage in Elephant Butte Reservoir and Caballo Reservoir (Rio 
a 7 Grande, New Mexico) at the end of 1956 was only 5% of the 18-yr average, q ‘+ 
q 
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“feature. of the is ‘the across Missouri 
and into Illinois. . Except for an area in the Carolinas, no persistent pattern 
of deficiency of annual streamflow is indicated in the southeastern and re 
_ Atlantic states, although there is a greater tendency toward deficient riot 
would be expected, on the average, in a 4-yr period. 
ae Attention is focused on annual runoff instead of monthly runoff or Hotmail 
runoff. Although seasonal deficiencies, such as the drought in n northern 
Georgia i in 1954, may thus be obscured, it is believed that a persistent deficiency © 
in streamflow is illustrated better by annual runoff than by the much more — 
ns erratic pattern that would be indicated by monthly runoff or seasonal runoff. 
_ This does not t imply that water shortages of relatively short duration ar are any © 
_ less serious to a particular « area than those based on annual runoff. ‘0 Just the 
reverse could be the case, but herein the annual runofis are eee to baat a 
Deficiencies as well as floods can be considered normal events because 
_ they will continue to occur. Water needs will have to be reconciled with the — 
natural supply. Through ‘modification in water needs and utilization prac- 
tices, and through greater expansion of facilities fo for storage and 
_ it is possible to stretch the present supplies. __ 
: some of the problem areas of the west, water supplies are being taxed __ 
heavily, and further growth of the communities dependent on those supplies _ 
must involve some modification of water uses. Some of the irrigated land in © 
- the w west may have to be retired in order to provide water for use witha higher 
rm cash “value. ~ Undoubtedly, much can still be accomplished toward reducing 
the waste of water by consumers. Also, more can be accomplished toward the _ oa 
elimination and the control of nonbeneficial water-loving plants, although the 
- economic value of the water thus salvaged may not justify the expense involved. © 
Importation of water may be the answer in in some areas provided that a source a 


of supply is available and that the « expense e of conveyan rance facilities is economi- : 


In the eastern United States the picture is generally brighter as far as the — 
- availability of surface water is concerned. The east has had an increasing — 
number of problem areas in recent years, but most of these areas have been i 
finda or population centers. _ Additional water usually is available pro- 


it is feasible to draw on more distant sources. In the east more than —_ 
in the west, one answer to the problem is that of more storage marae ae 


am Supplemental irrigation is becoming increasingly popular in the east. Ac- 


cording to one authority,‘ irrigated acreage increased ‘significantly during the 


byt period ending | 1955. States showing i increases of more than 1,000% were 
Alabama, Mississippi, North Carolina, Kentucky, , Tennessee, West Virginia, 
— Delaware. a) These percentage it increases may be somewhat misleading when © 
they ar are viewed with the awareness that the total irrigated acreage in the east — 


ill less than 10% of the irrigated acreage in| in the seventeen Ww western states. eS 


e “1956 Directory and Buyers Guide,” Irrigation Engineering ond Maintenance, H. L. 
tone, New Orleans, La., Vol. VI, No. 9, August 31, 
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changed greatly in the next at bo in 
‘The greatest potential for further expansion of irrigation detintniiaati is in 
the eastern United States, where experience has proved that crop yield can be> 
kh increased substantially by supplemental irrigation. _ This fact is valid even 
though crops can be grown in the east with only the rain that falls during the 
growing season. at Ib the | future ea large ! share of the burden of increasing the 


irrigated acreage may be increased many times. With respect to tenlgitheny B 
the east has s several poeta tte over t the west: Base flow of streams is generally 


aerenge through rather than almost total, irrigation; 
objectionable salts, where deposited in the soil by irrigation water in humid 
areas, at least are partly leached out byr rains, whereas in the west the leaching a 
process must be accomplished largely by the application of irrigation water 


sometimes greatly i in excess of crop requirements. 


One of the primary requirements for irrigation from faint water sources _ 
_ is storage, and again the east has its advantages over the west. _ Because of the 
smaller irrigation requirements and the greater stability of the smaller 
storage projects will suffice. _ The criterion for design commonly will be not 
how much water is available, but how much water is needed to accommodate a 4 
= the user during the deficient season. The criterion for design in the west, 4 
- especially for the larger irrigation projects, is generally how much water is 
available. Some of the larger reservoirs in the west store a comparatively _ 
large part of a normal year’s runoff—more water could be used if it were 
nid gl large expansion of irrigation in the eastern United States will lead to a 
conflicts with other uses, particularly in . localities in which irrigation results in ‘a 
dia depletion of streams serving industrial and population centers. Irrigation — 
use is consumptive, and a certain degree of depletion will occur, possibly to the 
extent of materially changing the low -flow regimen of some streams. Industry 
is well established in the northeastern states, whereas industry and irrigation 
are expanding rapidly in the southeastern states. Nowhere in the United 
States are water supplies so generally favorable for further development as in 
_ the southeastern states, with the possible exception of the more humid parts of | 
Pacific northwest. "Although irrigation use is consumptive, it may have 


_— + little effect on water quality, except i in areas in which return flow carries salts Fs 


that have been leached out of the soil to which irrigation was applied. This is _ 
- not bel believed to be a matter of great concern in ‘cases in which (a) irrigation = 
- supplemental i in character and (b) streamflows are rather large compared with | 
this type of use. _ Industrial use, although essentially | not consumptive, almost 
j inevitably results in some pollution, especially when a stream is used to dispose “4 | 
industrial wastes Hence, conflicts both of water 


compete for the use of the same stream. _ 


However, the irrigation bu ably, the 
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real exists for studies to anticipate these conflicts, the 
opr roblem areas, and determine the probable nature of tl the problems that may L- 
2 develop. Studies should include the collection of streamflow records for those 
cases in which adequate records do not exist, and the analyses of these records 7 7 
"should include the effect that the various uses will have on stream regimens. i 
Studies of the surface-water resources of an area are incomplete. without 
_ similar studies of the ground- water resources because in many areas the two Y 
_ are closely interrelated. _ For example, extensive use of the ground water of an 
4 “area 1 may have a prouotinbel effect on the base flow of the streams in the area. 
an Detailed studies are required to determine the degree and timing of this effect. 


_ Furthermore, the effect of diversions and uses on dow quality ¢ of these waters is 


_ In many states in which water laws do not exist or are not conducive to a 
“logical development of the w water resources, much thought is is being given to = 
developing laws § governing the use of water. ‘The development of water laws 
_ that are practicable, workable, and equitable 1 requires an understanding of the ~ 
- engineering and hydrologic aspects of the problems that the laws are designed — 
to meet. This matter is being given serious consideration in Mississippi and q 
other southern states. Even in the humid areas, water no longer can be taken © i: 
for granted, or assumed to | be available: for all in an inexhaustible supply. 
_ Civil engineers undoubtedly will have a a prominent role in studying the q 7 
future needs for water in all parts of the country and i in developing wise laws _ 7 
to regulate its use for the maximum benefit of all. The legal profession can , 
phrase the laws so that they will stand the test of the: courts, but the « engineering 
ba profession must furnish the facts and their interpretation so that such laws will a 
a a The nation’s total water supplies probably will not be substantially greater 
a : or less i in the future than in the past. Deficiencies of water, such as have been ae 


Es in planning for the futere. . In view of a rapidly’ growing population and the = 
rapidly i increasing use of water, it is important that the hydrologic character i 


- , Substantial advice and assistance in preparing the paper was received oe 
7 ‘engineers: of the hydrologic studies unit of the Surface Water Branch of the 
_ USGS, especially from Conrad D. Bue, A.M. ASCE. 


= 
_ 6 “Water Resources Law,” Report of the President's Water Resources Policy Ci 
‘commission, U. 8. Govt. 
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LOAD DISTRIBUTION IN ‘HIGHWAY BRIDGE 


By ARNOLD W. HENDRY! AND LESLIE JAEGER? 


—— 


a Discussion By Messrs. PranaB KUMAR CHAUDHURI, | e's 


moments, deflections, and similar quantities in bridge decks. This method 
based on ‘the. assumption that the discrete girders of the transverse system ¢ can 
be Teplaced by a uniformly spread material the same total flexural 


harmonic of the total bending moment « or deflection curve ‘oe the span. ‘The 
- derivation of these coefficients i is illustrated for the general case of beams with” 
arbitrary torsional rigidity. r In design work, however, it is sufficiently accurate 
to interpolate between zero torsional rigidity and infinite torsional rigidity by 
the use of a suitable interpolation function. It is shown that a bridge having . 
large number of can be replaced by 


efficients for a five-girder bridge are included: nesdin. 
et The application of this method to slabs is considered. u ‘In this case it is nec- 
‘essary to derive coefficients for a system in | which the ends of the longitudinals 
- remain upright. Again, the general solution for arbitrary torsional rigidity is _ 
_ demonstrated, but, as in | the previous case, it is possible i in design computations 
: to interpolate between zero torsional rigidity and infinite torsional rigidity. 

_ Numerical examples showing the method of computation are included, and com- 

_ parisons between theoretical and experimental results are made for a steel-and- 
concrete T- beam, a steel beam and jack arch, a beam and slab, a filler > 
bridge deck, and areinforced concrete slab. 


s Nore.—Published. essentially as printed here, in July, 1956, in the Journal of the Structural Division, 
as*Proceedings Paper 1023. Positions and titles given are are those in effect when the paper or discussion was" 
approved for publication in Transactions. 


Prof. of Building Science, Univ. of Liverpool, 
‘on 2 Lecturer i in Eng., Univ. of England. 
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LOAD DISTRIBUTION 


4 
‘The practice of tra transporting heavy, indivisible loads over roads has created 
. the need for an easily applied and accurate method of f computing the division of 


loads between the main girders of highway bridges. Several solutions have 


; been proposed, the most successful being the solution by moment distribution,** | 
or the solution using the theory of anisotropic plates. 5 The writers have devel- 
| 7 oped a ‘different method of analysis,® which is believed to possess significant 


advantages over previous theories. These advantages are that: = 


* «yn The derivation is relatively simple and may be fully understood by any _ 
engineer having a knowledge of elementary calculus and Fourier series. 
os 2, The solution is obtained in the form of distribution coefficients, which 
have an immediate physical significance and which may be plotted against a — 
certain dimensionless parameter for design purposes. Thus, the method can 
use used in design ¢ offices a matter of though the may not 


3. The method has a wide field of application and has been applied to cingle- 
pan bridges and continuous bridges, portal frames, skew spans, slabs, and _ 


ariety of other | structures. 78.910 Tt has been applied successfully to actual 


ridge structures of widely differing form. 
fa The application of the method to the matali of the distribution of 
longitudinal moments and deflections in bridges having a large number of longi- ; 
udinals and in reinforced concrete slabs will be examined. Only the single- _ 
pan case will be considered, but the methods will apply to all the structures — 
~ analyzed by the writers in other publications. po’ 
Tue Mernop OF ANALYSIS 
oN Notation.—The letter symbols adopted for use in this paper are defined w here 
they first appear, in the text or in the illustrations, and are arranged alphabeti-_ 


cally for convenience of reference in Appendix Il, ni baheol 
General. —Although no attempt will be made herein to examine the method — 
of analysis i in detail, it is necessary to describe the. assumpti 

— indicate how the distribution coefficients were obtained. In fact, ‘the theory = 
requires only one simplifying assumption—the actual transverse system should 


___ %A Distribution Procedure for the Analysis of Slabs Continuous over Flexible Beams,”’ by N. M. 1 YS 
Bulletin No. 304, Eng. Experiment Station, Univ. of Illinois, Urbana, 
““Deflections in Gridworks and Slabs,” by W. W. Ewell, 8. Okubo, and J. I. Abrates, Transactions, 


A General Method for the Analysis of Grid ” W. L. G. Jae Pt 


Proceedings, Inst. C. E., London, December, 1955. 
- %“The Load Distribution in Interconnected Bridge Girders with Special Reference to Rete 
Beams,” by A. W. Hendry and L. G. Jaeger, Publications of the International Assn. for Bridge and Structural 
. The Analysis of Certain Interconnected Skew Bridge Girders,”” by A. W. oe. and L. G. Jaeger, 
III, Proceedings, Inst. C. E., London, 1957. 12 
_ *“The Analysis of Interconnected Bridge Gindere by the Distribution of "by L. G. Jaeger 
- = and A. W. Hendry, Structural Engineer, London, 1956. 
~ Anal po Torsional Stiffness by Means of Basic Functions,’ = 
yl t. 
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be replaced ive a , continuous medium. The foregoing is in accordance with ns 
_ in a beam-and-slab bridge. However, even when the transversals are discrete ; 
members, it has been found that the assumption is valid for as few as three cross — 
girders, In most bridges, with the exception of slabs, torsional effects in the _ 
Areneweene system are negligible and are neglected in the analysis. However, it a 
4 is possible to include transverse torsion with little difficulty wherever necessary. 
‘Although distribution coefficients: may be derived for any degree of torsional 


La suitable interpolation function. The limiting conditions are (a) when the dl 
"= tudinals are of negligible torsional rigidity ; (0) when the am are of i in- 


"sa ridges in which the torsional rigidity of the longitudinale i is small compared | 
with their flexural rigidity (as in structural steel I-sections). f Case (6) applies to é 
most practical concrete bridges, whereas case (c) rarely applies to any kindof — 


An important 7 of rectangular g grid frames t] that underlies this method A 
is that if in any system of interconnected beams of this type one of the longi- 
tudinals is loaded in such a way that the load intensity at any point is propor- 
tional to the deflection at that point, all the > longitudinals i in the system cc 7 


‘the same deflected form. The foregoing has been proved,” but it will readily = 
be seen that in the case of simply supported longitudinals on a single span, the | 


deletion the same form. On the assumption of a continuous transverse 


= curve. The free bending- moment diagram and free deflection curve @ 
respectively, the bending-moment diagram and deflection curve that would | 


result if the applied load were carried by the loaded girder itself. 4 3 


Ino order to illustrate the method of analysis, one may consider the case of a 

_ girder bridge having three longitudinals loaded on the center girder. All 

a ‘girders are assumed to be of equal flexural and torsional rigidity (E I and G J, 
respectively) ; E is the modulus of elasticity, I denotes the rectangular moment > 
of inertia, G is the modulus of rigidity, and J represents the torsional constant 


_ for the section. Therefore, the bending moment, M, and the shear, V, at the — 
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ee of ‘the transverse medium, by usual slope- 
 ferring to Fig. 1, are 


defection ; and 6 is the angle of rotation. 


a of girders 2 and 1 ar are, Seer r“ 


= a cos 


for the outer longitudinal i is. 


= (a2 — — a) — 


C1 = = 0 
in which c and d are parameters ste the twist of the longitudinals—that is, 

— 

Furthermore, the torque, T, in girder lat z is 


— 
— 
=. 
a a In Eq. 3, n is the number of transversals; Jr 1S the moment of inertia of the —— 
> spacing; L is the span; y denotes the _ 
in which is the amplitude of the first harmonic component of y. The deflec- 2 
alequibium 
rotation at distance from midspan is given by 
3 § 
4 
— 
| 
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(az — cos 4 


which 
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(15) 
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"Substituting i in Eq. 8 results i in 


— a 
+. 7s That is— _ 
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The loading to lis 


"| 


=K (a2 — a1) 


‘mE 


‘The free deflection as nny defined is 


and the of the first harmonic of Y 


Aza a2 ta a3 = 2a,+ ae. (26b) 
7 


The of. distribution coefficients for the limiting cases of 


and Q = ~, and also for the case of torsionally stiff longitudinals prevented 7 
from m rotating, is | performed i in a sil amd ‘manner.’ 7, “al The coefficients obtained 


§ a first harmonic solution one can replace c ent, 4 

— 

4 

and the distribution coefficients for girder 1 and girder 2 are, respectively, 
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for the no-rotation case, K, is replaced by K. It is found that for the first and 
third cases the distribution coefficients for any , harmonic—that i is, sin pw /L— 
are found by replacing K with K/p* in the — for the e first harmonic ail 


re of ‘the sa same form, but for. the torsionless case, K, i is ts K/4, 
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For das case se of Qe. = 0, of the 1 longitudinal is » 
_ accounted for almost entirely by the first harmonic deflection component. © ~ A ; 
second harmonic deflection would impose a , system o of torques o1 on the longi- : a 

tudinals antisy mmetrical about the produce no no rotation 
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DISTRIBUTION 
- at all, whereas a third harmonic deflection would result in very small, unbal- =, 
_ anced torques and correspondingly small rotations. Therefore, the writers — ° 
z have computed the distribution coefficients for the second and | higher harmonics ai 
- in this case, assuming that the rotational effects are negligible. — In other words, 
coefficients for the third limiting case are used. 
With regard to bridges having many longitwdinals, the distribution 
% “efficients for a five-girder bridge are used. . The formulas for these 1 
for Q = 0,Q = ~, andQ = with no rotation are given in Appendix I 
ton plotted in Figs. 2, 3, and 4. For coefficients in the range between zero 
torsion and infinite torsion, intermediate values are most conveniently on ~ 
interpolation between the appropriate limiting values by use of a4 


= (Re — Ro) 


In analyzing t the load ¢ distribution i in a bridge, one must the 


a harmonic components and distribute ‘these harmonics separately using the 
‘ appropriate distribution coefficients. In practice the | bending moments = 


deflections are o of the gr greatest interest, and it will rarely be ; necessary to dis- > 


_ tribute more than three harmonics of the bending-moment diagram and one of bs 

the deflection curve, Frequently, the is suffi- 

ciently accurate for design purposes. ff 


ANALYSIS OF BRIDGES WITH LONGITUDINALS 


The method described previously could be used to detiesinn distribution + 
coefficients for bridges having more than: six longitudinals, but the solution 
would be tedious and the resulting formulas rather cumbersome. It hasbeen 
found, however, that it is not necessary to determine coefficients for more than oa p 
five or six girders because the transverse deflected forms of comparable bridges 
having more than this number of longitudinals are identical. The foregoing i- 
may be demonstrated for both the torsionless case and the torsionally s stiffcase 
as follows: If the actual bridge i is replaced by an equivalent plate, as in the ye 7 
analysis: developed® by C. Massonet, plate will have an effective of 


Be=N 
in which N is the of longitudinals i in the bridge. The. K-value i is 
_ found fora five- or six-girder bridge, which would be replaced by the same hypo- = 


ae 


a 
| 
7 

2 
| 
— 
— 
a 
— 
| 
— 

i 
q 
— - 
— 
al 


& 


-TORSIONALLY STIFF CASE 


— 


(f) TRANSVERSE FORM, | 


DISTRIBUTION 
COEFFICIENTS 
TORSIONALLY 


2. 


G 


LOAD ON 


TRANSVERSE FORM, Q~0, 


Be 


CENTER OF BRIDGE 


COEFFICIENTS, Q=0 


LOAD ON CENTER OF BRIDGE 


z 
= 
= 
2 
2 


= 


= 


COEFFICIENTS, Q=0, 


LOAD ON | 
Se 


OUTER GIRDER 


(a) DISTRIBUTION 


& 


UTION 


= 


| Girders 


= 


= 


itudinal 


= 


losition of long’ 


5 7 3 57 


§ 


4 


4 


- 64 


4 


“46 


64 


€6- 


replace : a bridge o of N ‘girders with one having five or girders 
K for the original | bridge by (5 N)‘ or or y, Tespectively. 


a Using this device one may compare the transverse forms of bridges having 


various us longitudinals for the cases in which Q = and Q= 


girder bridge, then, for of girders, 


4 by, 32 


58. —— 

_— first the torsionless case and assuming a load on the outer girder of 
each bridge, the distribution coefficients for the v various girders are shown i in 

‘Fig. 5(@) . The transverse deflected forms are proportional to these curves, — 
and, in order to determine + whether they are geometrically similar, it is neces- a 7 

a sary to select one—for example, the six-girder curve—as the basis of comparison 

and then to multiply the ordinates of the others by N/6. The coincidence of 

7 the curves will indicate that the deflected form is the same, as shown in in Fig. ’ 

- 5(b), from which it will be observed that the curves for five-, six-, and seven- 

girder bridges practically coincide. The four-girder curve is slightly off the 
datum curve, and the three-girder curve is considerably off the datum curve. 

_ Fig. 5(c) shows a similar set of curves for the load placed at the center of the 
bridge. In Fig. 5(d) all fivecurvescoincide, 
Therefore, it appears that the transverse forms converge as the number of 

- girders is increased, and it may be assumed that the transverse forms for five _ 
ie the _torsionally stiff case the parameter, Q, is never actually infinite — ey 

gh the torsional stiffness of the longitudinals ma may be large enough to a 
the sasumption of Q= a sufficiently accurate for ‘Practical purposes. — - 


"ln which (2 18 the total transverse and 18 the total longitudinal 
to (EZ are thesamein both bridges, 
> 
| 
| 
aa ITA = 2.010 

a 
4 


is clear that in changing from N to six, one 
_ adjust the value of Q by multiplying it by (N/6)?. It has been found from 
theoretical investigation and has been confirmed experimentally that if the 
value o of Q for a . three- or four-girder bridge is greater r than approximately 1. 25, a 
it is sufficiently accurate to compute the distribution coefficients as if Q were 
if one a for which K = = 2. Oand 
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Fro. 6.—Tranevense DEFLECTED or Srx-Girpver BripGe To 

 Q = 2.0, the corresponding values of five-, a nd 7 


assume that Q= ‘must use 
efficients for valine of Q. This leads to the curves of Figs. 5(e) 
a and 5(f), which show that the transverse forms of pene: bridges ‘vg 

| more ave than be e considered to be identical. 
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It follows from the foregoing that | it is possible to plot the transverse « de- 
3! flected form of a bridge having any number of longitudinals from the coefficients a 
- _ for a five- or six-girder bridge using the adjusted values of K and Q. If this a 


SS eis plotted : as shown in Fig. 6 and if the positions of the centers of the longi- a 


tudinals in the N -girder bridge are marked along the base line, the hatched — 
 —_ as fractions of the total area of the diagram represent the distribution ‘ 


ocefficients for the Jongitudinals of t the N-girder bridge. Because the ‘Strips 

into which the diagram i is divided are of equal width, it is convenient to con- 

_ sider the mean ordinate of the curve in each strip as representing the area. The 
distribution coefficients for the longitudinals are thus quickly obtained. nds ~ 


g 


3 


= 


In Aeciias dovk transverse rse profile it will frequently be found that the loads : 
are applied at points between the longitudinals of the equivalent five-girder 
- bridge. In this case it is necessary to plot influence lines showing the version, 
of the distribution coefficients with the transverse position of the load (Fig. 7). — 
From these curves it is possible to obtain the distribution coefficients for any — 


load position. Again, the peak value the transverse deflection curve will 


_ distribution coefficient at station N for the load at N. Points on this curve are - 
P known at each of the longitudinals of the five- 0 or six-girder bridge, and the | curve | 
be sketched as shown in Fig. 7. od fas 


pe example, one may consider the determination of distribution cooficients 
, fora load on | girder 4 4 of the reinforced concrete T-beam bridg 


eam bridge shown i in Fig: 8, 
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1228 
that has ten main girders with a 64-ft span. Ifthe aerate of inertia of each 
oa main girder and of a 1-fi width of the slab are 83,134 ‘ins “and 2 241.7 in fa re- 


ads: 64 64 X 241.7 _ aybind plo anh oh 
83,1384 X 6 
at to ous To ak *\ 9.0 ony if woila bottolg ai J 
assuming a modular ratio. (steel to concrete) of 6. ‘For the e equivalent six- 


64 / 2.5 64 x 241 2 


iy For the six-girder therefore, 


y therefore use coefficients for = for this bridge. Influence lines" 
for R;, Re, and Rs are now plotted as in Fig. 7. ¥ ~The values lead to the transverse g 


of the eae corresponding to the ten sinlens of the bridge, one obtains 
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ApPLIcaTION oF THE To SuaBS 


How the can n be applied te grids with large numbers of longitudinals 


has 


4 the theory to dade. If ar slab is considered to be divided into a number 
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be 


aan do not rotate. If each ‘element were of infinite torsional aan: a 
_ the distribution coefficients based on the infinite torsional rigidity - would be pr’ 
applicable, assuming that there was no rotation. _ If the elements were of negli- — 
a gible torsional stiffness, the distribution would be given by the e coefficients | for « 
~—Q=0. Actual slabs will lie somewhere between these e extremes, and the prob- a 
en of applying this theory is that distribution coefficients must be derived for — 
_ any val value of Q on the assumption that the ends of the beam elements do not er 
rotate. The coefficients are derived for longitudinal torsional stiffness only, 
4 but transverse torsional stiffness is provided for by taking G J in the parameter, Y -_ 
as the sum of the torsional stiffnesses i in a the and direo- 


8.—Cross Section or T-BEam ely ts te 


tions. The reason for this procedure can be understood by considering the 
well-known differential | equation for an anisotropic § slab. In this equation" the © 
torsional rigidities per r unit length do not occur pos and the twist compo-— 
~ nent of the equation contains only the sum of these torsional rigidities. — - 

' ‘it would be possible to o obtain the same deflections for an infinite number of we 
q slabs provided that the sum of the torsional rigidities i is constant. 7, In particu-— 
lar, a slab in which the torsional rigidity occurs in one direction (with zero | 
~ torsional rigidity a at right angles) will give the same deflections as all the — 

members of the set. This is the result of including i in the ps parameter, Q, the 
_ sum of the longitudinal and transverse torsional rigidities. 8 8 8 = = 
The ‘derivation of distribution coefficients for any value of Q for a five- 


shown for the loading on girder 3. With the same notation used previously, 


= sin — 
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“oo von" “Theory of Plates and Shells,” by 8. Timoshenko, McGraw- 
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er On The assumption the ends of the heams do not rotate will he 
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Taking a “unit length of 1 and the torque on this element be r, 


tot, of als ine: 


is a Mu, by Eqs. 36 and 38, nisi 


Si milarly, the torque per unit length on girder 2 is Mn + Mas, and ‘this leads to 
4 symmetry, As « = 0,: 80 that, on solution of Eqs. 40 and 41, | 
gn 
By. denoting the loading to the longitudinals through ‘the trans- 
verse medium by Vi, Ve, there results: 


=K 


(a2 — a1) (4 + Q) — (a3 — ay) 


— 
4 
: 4 _ 
— 
— 
— a 
— 
— 
- 
- 
— 
ay 


4 
a 


Re 
an, 


zx parts, _ Distribution coefficients are derived for a symmetrical system consist- 

_ing of equal downward loads on girder 1 and girder 5, and these coefficients are 

“combined ¥ with the coefficients for a skew sy symmetrical system consisting of equal 
fo* loads, one acting downward on girder 1 and the other ss on girder 5. On 


_ the interpolation function cited previously also applies accurately to this case. 
7 For distribution coefficients for higher harmonics, K/p* must be substituted for 7 
in cases of Q = Oand Q = & with no rotation before Tork 
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ms longitudinal strips, the distance between the enters of these : strips is B./N. 
Letting the ratio of EI per foot longitudinally to transversely be r, then, for 

we B, 
alle ed Yo El =rEIr+ 


Kes 


in which G Jr and G Jz are the torsional rigidities per unit length in the trans- 


7 verse and longitudinal directions, respectively. If the slab is wnerached it 
pe sufficiently accurate to assume isotropic behavior, i in which case, — 


hed 


vy, 


which d is the thickness of the slab. In an slab 


— 
“4 
— 
— 
‘4 are for the load on girder 1. Distribution coefficientsfortheloadon girder 
1 are ined in the same anner __Ilsine these eneficients it was nroved that _ 
— 

| 
4 
— 
|g — 
4 .(52b) — 
53a) 
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through the ‘depth of the slab in the manner indicated i in Fig. * This i is a4 
 Tieved to be more correct than computing 
oo the torsional rigidity of a small rectan- 
autol —+ gular element. The latter procedure 
do would lead to a result that would depend 
a0, ~ the width of the element selected. 
i _ additional | point that should 
noted is that, in order to allow for 
effect of lateral restraint on the deforma- 


9 —Vanarion oF 
with ous tion of the material in a slab, a modified 


od value of E should be used to compute 
the"deflections for a slab. This value"! is te git 


in which is ‘ratio. The of deflections i is not affected, 
their magnitude is reduced asaresult. = = 
er. The method of analysis | has # also been found to apply | accurately to cellular 


plated structures consisting an ‘egg box 
plating. © In this case the values of K and Q are the same as those for an iso- 


Asa an example of the method of analysis for slabs, if it were required to deter- 
Pea ‘the transverse distribution of deflections and bending moments in a | 
reinforced concrete slab of span-to-width ratio of 1 to 3, the reinforcement per i“ 
_ foot is the same in both directions and the slab carries a single concentrated — 


load at its center point. In this case for an equivalent five-beam grid, —> 


> 
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were sre interpolated between v values from Figs. 2(c) and 4) using the snaine 
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- 

= 20 (that is, if the width of the bridge is divided into 1-ft strips), from ae 

10 one can obtain the first harmonic distribution coefficients shown in Table 1 (a). 
é Third harmonic coefficients have also been 1 computed for the five-girder bridge se 
and are in Fig. 10. The resulting coefficients for N = 20 are 
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Fic. 10.—TRANSVERSE PROFILE FOR ConcRETE SLAB 


‘The free deflection series for a point load on a simply . eee beam th ail 

sin si n+ 58 in sin = fbn dy 


In the foregoing example, b = L/2. Therefore, taking the first two 
1 - ‘Thus, the first harmonic accounts for 98.75% of the total deflection, and the i ; 
: third harmonic, for the remaining 1.25%. . Therefore, the harmonics greater ; 
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dine the third harmonic are negligible. The of the total deflection 
of each element across the width of the slab is obtained by applying the first and — 
third harmonic distribution soefficients to 98.75% and 1. 25%, respectively, 


adding the results as in Table 1(6). cale we 
> series for the free bend ing-motnent ¢ diagram is = 


1.—Anatysis or REmnForceD Concrete SLAB 


(a) DisrrrsutTion Coxrrictents 
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«First harmonic component of free deflection = 98.75 units. * Third harmonic component of free _ 
deflection = 1.25 units. First harmonic component of free bending moment at hor Ba = 81 units. 
4 _ harmonic onic component of free bending moment at ne =9 units. ¢ Higher rmonics = =10— 


Putting = = L/2 ‘results i in 


me thp (sin™ i 


In the deflection series, harmonics: greater than the third harmonic were 
but this is no longer the case in the bending- z-moment series. The 
first harmonic accounts for 81% of the free bending moment; the third, for 
4 9%; and the higher harmonics, for the remaining 10%. The higher harmonics, 
la 
r however, are almost entirely retained in the elements in the immediate 1 vicinity 
of the load, and the distribution of bending moments is shown in Table 1(c) i in 
terms of the percentage of the total moment on the span, wal q 
a In design the results for several ‘point loads 1 may be obtained by superposi- 4 
tion. _ For complicated loading it may be advantageous to resolve the free 
diagram into harmonic components by one of the -known 4 
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xbridge Canal Bridge, —This bridge v Was a concrete T- 


with steel plate ig. main girders and a 45-ton 


9 in, min. 


— 9@ 9ft1 in. — 


CROSS SECTION AND @ CROSS SECTION AND 

VEHICLE POSITION VEHICLE POSITION 


To begin ‘one “a estimate the parameters, K Q, for 
_ structure. _ Considering the T-beams as separate units, Q = 3.1, based on a 
- torsional constant of 115,500 in.*. In estimating K it is necessary to know the 


moments of inertia the | main beams and of the deck slab. Two 


- equivalent-concrete-area method to be 407.2 int (concrete units), taking a 
modular ratio of 15, and 241. Ti in.* with a modular ratio of 6. Assuming that 


Tests on Bridges, on F. G. Confe 
and and in Inst. C. E 


— 
| the writers have used the results of tests conducted at the Building Research | oe 
Station. Watford, England, and at the University of Illinois, at Urbana. 
— 
| 
COMPOSITE LONGITUDINAL COMPOSITE LONGITUDINAL ae 

the steel and concrete elements, and, second, the question of the elastic modu- 
_ lus of concrete. The moment of inertia of the deck slab, assuming a critical yet — 
tage of stool an donth of Sin 
- 
pn the Correlation Between Calculated 


th We 
DISTRIBUTION 


ertia the longitudinals i is 68,664 in. “and 83, 134 in. 3 
Tatio of 6, respectively. These values lead to 


=> 


= 1.09 ‘(for a modular ratio of 15) 


* 64> 241.7 
a8 98 


= a modular ratio 6) 
_-‘Thus, the K-values corresponding to these two values of the modular ratio are 


“ag we close, and the difference in the distribution coefficients will be small. a a 

2- —CoMPARISON | OF DisTRIBUTION ‘Conrrictents 


5 


25 4 0 0 4 


Ak. lade 
—— a longs error in the assumed value of the modular ratio will make little © y; 
einen in the distribu ition of the loads between the girders. On the | other Ps 


i the modular ratio, but this is a question — 
C6 

that ‘arises in the. case all concrete 


Taking K = 1.33 for the bridge 
to 


open up her distribution coefficient for each longitu- 
dinal, the comparison in Table 2(a) 4 


between experimental a: nd theoretical 


Laurel Bridge, ( Chadderton. —This 


bridge, at Chadderton, England, is 


gitudinals are idealized into the composite section hewn! in Fig. 12(0), according — ae = 
to the proposals of Thomas and A. Short. is still more difficult to assess 


. At first glance, it appears that the bridge would have 


Laboratory tion of Some Bridge Deck Systems, by F.G. onl A Short, Pt. 
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be taken as to the effective depth of the transverse slab. A reasonable estimate — 

~ of this ae would, therefore, be 9 in., giving a transverse moment of inertia 


37 x 240xX15 
Using this value of K and distribution coefficients for the v various 


girders are as given in n Table  2(0). between the 


“this agreement is partly due to chance. Not oly’ is it soni to vary the aaae. a 
of K by assuming different dimensions for the sections of the beams and slab, 
but the experimental results. are from being precise. Nevertheless, these 


ations in K produce only a small percentage change i in the values of the distri- a 


bution 
‘TABLE 3.—First Harmonic Disrrisution FOR 


Experimental | Theoretical | Experimental _Toeoretia 


ae Tests on a Model Beam and Slab Bridge.—The results of tests on model beam — 
and slab bridges with a 9-ft span reported by Thomas and Short are considered. 
The model consisted of six 8-in.-by-4-in., rolled-steel I-sections placed at 3-ft 
centers on which a 3-in.-thick slab was laid, that was reinforced at the top and 
bottom with }-in. bars at 1 §-in. centers with a 4-i “in. cover. Assuming an un- 
cracked section, the moment of inertia of the slab per —— 27 i in.‘ 


3/ 395 X65 


4 The nities ratio of 6.5 was taken ‘from data c compiled by Thomas and Short. ; 
-_ For this \ value of K, the first harmonic distribution coefficients for the various q 


or: 
girders with the load placed over er girders 1, 2, and 3, in turn, are as given in 4 


aa - Theréfore, the proportions ot the total moment taken by each beam can b 
estimated with reasonable accuracy. ‘The distribution theory can be 
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= ‘tt Short indicates that the beams: transmitted a much smaller proportion of the pe 
= total moment than can be easily accounted for by simply considering the flex- 4 
_ ural rigidity of the slab in the direction of the span. . There i is a further reduc- : 
a tion of the moments, possibly resulting from the dispersion o of applied point = 
load both transv ersely and longitudinally, 
_ Filler J oist Slab Bridge.—The second model bridge tested by Thomas and 


Short v was a filler joist consisting of sixteen 6-in. -by -3-in., 12- lb-per-ft, 


be 


| 


g 
on 
@) BENDING MoMENT 


1 1.1 


‘« ‘rolled-steel I-sections at 12-in. centers embedded in a concrete slab that was 


Qin. thick. _ The span was 9 ft, and tl the e concrete cover on the lower flanges of ~" 
the steel beams was 1 in. “Light reinforcing fabric was laid above and below — 

_ the steel beams. The model was loaded by a single point load at midspan, 4 , 

at the center of the bi bridge, then near theedge. date 
—¢ ‘The. difficulty of estimating the m moments of inertia longitudinally and trans- 
ersely is As a first it is possible to assume that the 
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‘flexural rigidity per foot is equal in both directions; this assumption gives K = 
810, but it results in too much distribution. This fact can be seen in Fig. 14(a), : 
that shows experimental and theoretical coefficients fae beam deflections. 
Taking a cracked section transversely yields = 282 in.‘ per ft of width, and 


for the _composite-beam longitudinals as 530 in. results in K = 430. 


of cited by Thomas and Short; no attempt was. made 
4.—DIsTRIBUTION OF BENDING MoMENTS IN 


First harmonic | Third harmonic -| Higher harmonics 


1.97 


4 pom a purely theoretical value for I. The deflection distribution coefficients © 
te are obtained and are shown by th the ‘solid line in Fig. 14(@). ‘This line — 


experimental points shown in a 14(a) were taken from a small dientom i in the 


. This diagram si showed zero on the two 
ct of 


Experimental points adjusted 
for load position) 


Position of lon itu inal Prog 


has 5.3 15.— DEFLECTION FOR col 
BeaM 2 1n Fitter Joist BRInGE | 


girders, this conflicts with the atrain 


- on these beams and also because it appears to be erroneous, the two readings — ane 
discarded. t is interesting t to note that a ratio of almost : 2 to ‘lin the 
value of K produces ¢ a relatively small change in the distribution coefficients. i By 
~The deflection coefficients in Fig. 14(a) include first and third harmonic — 
speersinatwe of the deflection curve, and this is sufficiently accurate. In dealing» 
with the strains or bending moments, however, it is necessary to allow for the 
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124000 LOAD DISTRIBUTION 
higher harmonics on the beams nearest to the load. _ If the free bending mo-— 
ment, W L/4 (in which W is a concentrated load), i is taken as 100 units the 
amplitudes of the first and third harmonics are, respectively, 81 and 9 units, 
_ 6 which leaves 10 units to be accounted for by the higher harmonics. The ae 
— of these moments between the various girders is given in Table 4. Ss 
= The large contribution from the harmonics higher than the third harmonic — a 
= on the two girders nearest ons the load results from the pointed shape of the free 
 bending-moment diagram. These theoretical results are compared with the 
_ experimental values found from strain readings in Fig. 14(b), and the agreement é 
_ The deflection distribution for this ibis model has also been investigated 
with the load near | the edge of the slab. In this case the parameter, Q, ‘assumes: a 
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Fic. OF BENDING MoMENT Across 


slab longitudinally and transversely ; give values of Q that re between 1.1 and cy 
2.83 for the equivalent five-girder bridge, and it is encouraging to find that even — 
this (3-to-1 variation of Q makes only a small difference to the ‘Tesulting dis- 
tribution curve, as shown i in Fig. 15. assumption of isotropy would 


eS - | eam bridges and slab bridges have been performed at the University of Illinois. 
These tests have been described“ by Frank E. Richart, Jr., A.M. ASCE. 


‘Laborato Research on Concrete Bridge Floors,” by F. E. Richart, in Floors: 
Symposium,” ‘raneactions, ASCE, Vol. 114, 1949. 
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thick and was reinforced by }-in.-sq bars at 5-in. centers lencivadinally and Shin, 
centers transversely. — The load distribution was computed on the assumption ‘ie 
that the moment of inertia was the same in both directions. The slab was f 
divided transversely into twenty elements, and the distribution of bending mo- 
ments per foot across the slab at midspan i is found as shown i in Fig. 16. a Points be sok 


srereee from the experimental ‘results are also shown, and there i is excellent as 
he method described herein provides an and easily applied way ‘of 

a bese the load distribution in many common types of highway bridge decks. 7 : 

_ The primary difficulty in applying the theory is not in the distribution theory a 

- itself but in assessing the effective moments of inertia, torsional constants, and 
a. moduli of the bridge elements, particularly compound concrete and steel 
members. _ Nevertheless, even wide le variations i in the assumed properties of tl the eo 
~ elements 1 result in relatively small variations of the distribution coefficients. 

api The work described herein is 3 part of a research pr program on the analysis of pss = 
grid frameworks and related structures that was conducted at the University = 
_ College of Khartoum, Sudan, Africa. The writers 8 are i indebted to the college = is 
4 for r providing facilities to » perform the work. ‘They ey also wish to thank D. A. El ~ 


; Turabi for his assistance in investigating the c enmeipeae of transversedeflected _ 
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@ Torsionless Case, Q=0— © 
on Girder 1, Outer Girder— 


Ru= 4 + 654 K - +8 324 + 15 (60a) 


Ra =| 


Ru = wal +10] K 10 
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K = 72 + 


and 
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CR + OK + 
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second and higher harmonics, K/p can be substituted for Ki in thet 


(0.5 1.305 K + 0.171 K*)/Dz + (0.5 + 0.392 2 K)/Ds.. 


Ra = 02 239 K + +0171 + 0.196 


= (02 239 K —0.171 1 (63d) 


= 05 1.205 K — 0.171 K*)/Dz — (0.5 — 0.392 K)/Ds... (63e) 
= (0.2389 K + 0.171 K*)/Dz + 0.196 K/Ds. 


= (0.5 +08 $05 K 0.171 K*)/Dz + (0.5 + 0.145 K)/Ds... (640) 


= (0.5 0.805 K 0.171 K*)/Dz — (0.5 — 0.145 
= (0.23 239 K 171 K*)/D2 — 0. 


on 3, Center Girder.— — 


Ru=R = (886K + 0171 


2.914 K + 0855 K)... 
(1 + 1.07 K + 0.076 K2) we 
For second and higher harmonics, ¢ coefficients from Appendix I(c) must be need, 7 
with K/p* substutited for CLONE. BLOT A= 
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I nfinite and Me Retation.— age Io bas mon 


bile 


= K( 1-2K 

= Ra = K + K)/Ds. 

Ru = (1+3K+ he AN A 
De = 45 K?).. 


‘For r second and higher harmonics, K/p* must be substituted { for K in the fore- 


The following symbols, for use in paper and for the ot 


Standards with representation, approved by 


= amplitude of the first harmonic of } tas 


= amplitude of the first } harmonic of ronic of 
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| K) (1+ 2 K)/Di + (1 + 6) 
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Sz 


= parameter defining | the twist of the 


E = modulus of elasticity; n+ + t= 


= modulus of rigidity ; \A Ac Al t=" 
= spacing ag of transversals ; A 
re’ 
= moment of inertia; ANA A = ae 
= term defined in Ea. 23; 
- moment of toe A+ (AES NATE 
= term defined i in Eq. 3 + pad 
N= = number er of longitudinal; > 1) 
= ‘term m defined i in Eq. ‘15; A- PGE i) 
‘term defined in ‘Eq. 18; 
iw ah = concentrated load; 
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LUSSION 
Pranas Kumar problem of assessing accurately how 
a , concentrated load or a system of loads applied on a bridge deck is distributed — 
among the main longitudinal girders is of great importance. — However, because 
the interconnected structure is highly redundant, a n exact elastic analysis 
normally becomes extremely cumbersome. During recent years 
ingenious methods have been advanced for solving problem. A new 
- method has been added to this list. In addition to being fairly simple, the a 
_ method proposed by Messrs. Hendry and Jaeger has the added advantage of a 
being complete—that is, it is directly applicable to all kinds of interconnected 
4 bridge girders with any degree of torsional stiffness and with any variation aa 
{ the relative sizes of the girders composing the grid. Although this is the chief 
merit of the method, certain points deserve further consideration, = 
Bi ‘Unless a bridge structure has a high torsional rigidity, the significance of a - 
transverse girder in helping to distribute load among the various longitudinals — > 
will diminish gradually as the transversal i is located increasingly far away from — = 


the longitudinals have low torsional stiffness, the use of a . great many y transverse 

girders does not contribute to an economic distribution of the superimposed 
load. Fritz Leonhardt, 16M. ASCE, contends that the lateral distribution of a ae 
> concentrated load a among the longitudinals of an interconnected bridge — 


of low torsional stiffness remains the same for more than five aloe 
1 girders as for five only. Consequently, he uses the same equivalent single 
7" cross girder at the middle to replace five or more transversals. Second, i 
_ interconnected bridge girder for long spans will have little appeal for designers 
at because the dead re of the structure will offset | the distribution of heavy 


| 
q 


Pe: of steel for a bridge system with many interconnection points between girders 

: in two directions. On the other hand, for short-span bridges the load- distribu- 
tion problem is not so important. Therefore, the design of a grid for the 

effective distribution of heavy concentrated is only in the 


idges designed 
and constructed deliberately as grids rarely | this limit. 

The suitability of the authors’ method for design purposes" must be as- 
sessed in the light of the individual designer’s practical requirements. if he 


ay must design an economical medium-span steel bridge, as shown previously, he 


‘The authors’ ‘assumption of a continuous transverse medium i is supposed to 
- applicable to as few as three cross girders. _ However, it i is open t to question | ioe 
7 _ whether their elaborate : analysis i is really a simplification of the designer’s 8 job 3 
a for m most practical steel | bridges. - Even if Leonhardt’ 8 formulas ar are not satis- Bi : 
factory” for such cases, it is possible to analyze precisely such “negligible- 
18 Structural Designer, Bridge & Roof Co. (India), Ltd., Caleutta, India. 


16“Die vereinfachte by F. and W. Andra, Julius Hoffman, 
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— 
torsional stiffness” case without difficulty. For practical concrete bridges 
- the formulas and curves given by the authors for use in the case of a a bridge 
having five or more longitudinals ar are convenient. Howeve er, similar curves 
must also be provided for bridges having three and four longitudinals before — ‘ 
Cag the authors’ method can compete on equal terms with the Massonet solution. _ { 
Basically, their method is simpler and easier understand, but Massonet’ 
curves are easy touseinadesign office, 
Methods in which torsional ‘stiffness: of the grid can be taken 
into account if required lead to a study of the importance of torsion in the _ 
analyses of practical bridge grids. Experiments on actual bridge grids have _ 
been conducted by Massonet in Europe and by M. Naruoka!’ (among others) — 
in Japan. A definite conclusion cannot yet be made, but the writer feels that 
_ the effect of torsion in a practical bridge case has often been overemphasized. _ 
a Thus, the cautious designer conducting an “exact” analysis probably does a 
; assumption of negligible-torsional stiffness in Leonhardt’ 8 method. ‘The effect 
of torsion is not always negligible, but a designer should develop a peactionl 
structural sense to serve as a guide in the selection of a method of analysis. 
The results in the paper seem to be drawn entirely from tests performed — 
on bridges, in which the transverse distribution is effected only with the help 
of slabs or jack arches but not by discrete cross girders. In such structures 
other methods available, the most notable being the semeasieal procedure ~ 
developed’ by Nathan | M. Newmark, M. ASCE, and the conventional ortho- 3 
tropic plate analysis and its variants,*7."*.° but the authors’ solution is a neat 
and general approach. The fact that the difficulty in computing the effective 
‘second moments of area and torsion cons constants of the bridge elements and the 
consequently ‘ide variations in the assumed properties of the elements rei result 
in relatively small variations of the distribution coefficients lend special ve 
to the authors’ contention of the advantage of their method applied to ~~ 
bridges. In attempting to gage the practical utility of their method to de- 
‘signers, it was not intended herein to detract from its acknowledged merits. 
_ The method is probably most convenient for analyzing bridges the that were 
not designed consciously : as grids but which, nevertheless, act as ‘such. A 7 
knowledge of the load distribution in such structures is of great importance L 
because on such knowledge will depend w whether the existing bridge can be 
expected to respond satisfactorily to the e ever-increasing demands of the aetna 


_ Arnoip W. Henpry™ anv Lesuie G. writers appreciate the 


generous ‘assessment by Mr. Chaudhuri of their method for the analysis of 


197A Study of Composite Grillage Girder Bridge,” by M. Naruoka and I. Hirai, Technical Report No. q 
30, Eng. Research Inst., Kyoto, Japan, 1956.0 


“Die Berechnung der ebenen Flachentragwerke mit Hilfe der Theorie der 
Platte, by Wilhelm Cornelius, Der Stahlbau, Heft 2, February, 1952,p.21. = 


“On the Application of the Theory of the Orthotropic Plate to the Continuous Beun m Bridge,” s 3 


M. Naruoka and Y. Yonezawa, Proceedings, 5th Cong. of the International Assn. for Bridge and Structural -% 


Prof. of Building Science, Univ. of Liverpool, England. 
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_ tan In reply to the points he has raised, it is suggested that one of the main 
advantages of this method is that nearly all the factors he has mentioned — 
can be assessed quantitatively and easily by the theory. However, it was not 


- possible to examine all these factors in the paper. — + The effect of the positioning — 
of cross girders in a torsionless bridge can, for. example, be allowed for by 
taking the effective value of the number of cross girders in computing the 


in which the transversals are placed at distances €1, €2 from midspan. It 
will be seen that the effective value of K for ay given total transverse inertia is 


twice as when the transverse medium i 18 concentrated i in a beam ned 


, j often tl they are intended in the Gra instance t to provide support for the road 
a slab or trough floor, which, in some designs, spans longitudinally between the Po: 


— Whether it is worth considering 1 the effects of interconnection in any given 7 
ie is also | easily investigated. On long | spans it is obvious that dead loads” 


predominate and that even heavy vehicle loads will it not be of prime 


tion may be with of dead and live loads, 
7 _ computation of parameters K and Q, and inspection of the ¢ graphs of distribu- I 
a _ tion coefficients will usually show in a few minutes whether it is necessary to _ 
make detailed computations. In practice, bridges are designed for the ‘span 
fully loaded with some particular design live load, and this will always be the - 
starting point for obtaining the sections of the main girders, deck slab, and 


4 


similar structural components. 1] Distribution theory has little relevance in 
4 relation to such a loading because the main girders will deflect more or less a 
the same degree, and there will be little redistribution of the load by the trans- _ 
= system. _ The > design resulting from this procedure must be re-examined 7 
in order to assess its capacity with respect to large concentrated loads such as i 
_ industrial trailers or army tanks. For these cases the theory will be of con-— 


hlekly assistance to the designer. . He will be able to undertake this work a . 


quickly to ascertain whether any economically feasible modifications would — 
permit the carrying of higher excess loads, or whether the design can be light- — 
ened in ‘any way while still Ineeting the requirements of the specification. As 


a % Mr. Chaudhuri has indicated, the theory can be applied similarly to existing 


ei W ith respect to torsion, computation of parameters K and Q and the use of 
the interpolation function provide an immediate method of assessing the im- 7 
of torsion in any given case. As a rule it is safe to ne glect torsion, 


4 
— 
— 
ulty in allowing for cross-girder positioning and no necessity to avoid the 
e by an approximation. It should be noted, however, that cross girders ae 
¢ 
4 
writers do not agree that load distribution is unimportant in small bridges. 
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q ON LOAD DISTRIBUTION 
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t = as much as 20% or 30%, which is economically significant. $= | 
| o.. Mr. Chaudhuri has referred to the design curves based on Massonet’s anal- 

ysis. The writers have prepared*® a comprehensive work that shows 
application of this method to many different problems includes 
ag _ curves of distribution coefficients for all cases of from two to six long gitudinals. 

compared with the Massonet curves, these curves give a much 4 
more direct impression of the behavior of interconnected systems. Because 
., in the Massonet method are avoided. _ fact, the proposed method helps the 4 
wil designer to get the “feel” of the problem and assists him in developing his 
structural sense in relation to this type of structure. 


The Analysis of ona and Related by A. W. Hendry and L. G. 
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ey Authority we was in 


The tunnel surfaces were © found to be 
— covered with a uniform, -in. deposit of a _black mucilaginous material. 
_ Friction measurements were made in the tunnel in 1944, five months after the E, 
initial filling, and in 1954, five months after tha inspection:” 
7] _ The paper presents the methods used in reducing both sets of data. i The 7 = 
hae - results are presented in terms of the friction coefficient, f, in the ‘Weisbach 
equation. Values of n for the Manning equation are also shown. A descrip- 
io tion is given of each type of surface for which opetiatants 3 could be determined. 
ote——The paper supersedes and supplements one prepared? by Gearge 
#iL Hickox and Alvin J. Peterka, Members, ASCE, and the writer. An error , 
in the use of the basic data was found which changes, in varying degrees, the RY a! 
results published in the prior paper. amg, error consisted of the transposition a 
of Cols. 7 and 8 in Table 2 of that paper. Correction of the error resultsina  — 
= change in the friction coefficient for the steel pipe, changing the f-value ; Coe 
in Weisbach’s equation from 0.0085 at maximum gate to 0.0138. The concrete- i 
tunnel values changed from an average of 0.0133 to 0.0138 and 0. 0127 for the — 
j two test reaches, and the unlined-rock- tunnel values only changed. from 0.094 a 
; Ye tol 0.096. Thus, the only major effect was in the steel-pipe data. pice.-xinesy, 
General -—The Apalachia project o of the Tennessee Valley Authority has been 
described? by Howard W. Goodhue, A.M. ASCE, R. L. Smart, and Adolf A. 


4 __ | Nors.—Published, essentially as printed here, in June, 1956, in the Journal of the Hydraulics Division, ad 
as Proceedings Paper 1007. Positions and titles given are those in effect when the paper was approved for ec : 


ee 1 Head, Hydr. Lab., Div. of Water Control Planning,  Hydr. Data Branch, Tennessee Valley Authority, — 
? “Friction Tunnel,” by George H. Hickox, Alvin J. Peterka, and Rex A. Elder, 


of Recent TVA Projects: VIII. Apalachia Ocoee fe. 3," by H 


— 

| 

— 

4 

— 
— 

a 
— 

— 

— 


"FRICTION MEASUREMENTS 
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‘construction was completed several different and distinctive tunnel 


feyer er,  M. ASCE. principal structures are a low ponding and 
dam, a "pressure cond 
_ The pressure conduit consists primarily of a conerete-lined RE a9 18 ft in 
diameter. _ The et conduit also has two long reaches of unlined r rock, which | have 
nominal diameters of 20 ft and 22 ft. Just below the dam there is a short 
length of steel pipe measuring 18 ft in diameter. _ At several other places, — 
_ where there is not sufficient | cover for the pressure tunnel, short lengths of — 
pipe, 16 ft and 18 ft in diameter, are ‘used. The alinement is nearly 
straight, but topographical considerations necessitated several bends. In | 


Fig. shows a plan of the test reach, which approximately the 


: 


‘a the sites shown in Fig. 1 sot that tests could be made to determine the the various 4 
‘The installations at A, B, C, D, and E consisted of a ring of four piezom- 
_ eters spaced at 90° "intervals around the conduit and manifolded together 80 
that an average pressure could be obtained. In 1954 two of the four corny ba 
eter openings at A were unusable. _ Piesometers F and G pemaaica! - a single 
‘Fig. 1 also shows that the are placed + so. ‘that: friction-loss_ 
‘measurements could be obtained on sections st ie three types of conduit— = 7 


SURFACES AT OF Construction 


surfaces were present. These surfaces are described in some detail because a 
_ is necessary to have a clear understanding of the characteristics of each surface — 


in order to interpret the data intelligently. 
_ Steel Pipe.—The various sections of steel pipe were formed of ‘plates rc rolled — 
to the proper curvature and butt welded. After the ‘pipes were > completed, Bs 
the inner surfaces were covered with bituminous | paint applied hot with swabs. C 
a Each application of the swab covered an area that was approximately 6 in. __ 
wa wide and 2 ft long, and deposited a layer of bituminous material that was 
approximately i in. thick. ~The cold steel cooled the paint ‘so rapidly that 
= the resulting surface was dalbe irregular and included ridges and bumps as 
a high as 3 in. However, the surface of the paint itself was almost glossy, 
7 Fig. 2 shows the interior of one of the steel pipes treated i in this manner. sige, 5 
__ Between Sta. 255 + 97.50 and Sta. 259 + 17.67, the steel liner was an sf 
painted i in this manner because of the lack of ventilation i in this section at the 


: time of painting. Instead, the bituminous paint was applied cold i in a slightly 


pipe sections. 


' An ing invert section \ was poured first. _ The surface of the invert, » which was " 


a general, the grade is quite flat with a ‘slight slope toward the powerhouse - 
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FRICTION MEASUREMENTS 
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fouaied byis a screed traveling along the top of the longitudinal invert forms, 
was floated with steel floats immediately after the screed had passed. The 
‘ quality of the concrete was controlled very carefully so that the best possible 
surface would result In addition, was 80 


_-Minimum Section Ta 


: 


2 


tae piece covered a 90° arc and the two side pieces, 95° each. ‘Hinged at each | 
joint, these form sections, each 5 ft long, could be collapsed and moved ahead 
through the other s secrions. Thus, irregularities due to transverse form joints by 
occurred every 5 ft on the final surface. For convenience in erection four 
form sections were kept bolted together as a unit during each change. 


is no reason to believe that irregularities a at the unit joints were ; svete scl 


were alined by drift pins in 1. —CHARACTERISTICS 


the: same manner as were the 


piece of each section was 
Pasty: 


4 equipped with an 18-in. -by-24-i in. pata Bquane 


door and two or three Nomi 


ae = 


¢ 


, in 
door and grout-pipe opening left |Maxi- [Mini- | Aver-| ;, | Equiv-|Meas-lin 


a slight irregularity on the sur- 
face, averaging not more than | 
high. Approximately 400 
ft of forms were used so that agkprmes 


This ‘compound with time and was 

pletely washed off by the time the tests were made. 
ne The concrete | » for the tunnels w was obtained from two mixing plants, with 

han the aggregate for both plants coming from the same source. 
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at the McFarland adit. concrete upstream from 
{ Creek was placed after that downstream from that point. 
Unlined Rock Tunnel—The unlined-rock-tunnel sections are of two 
‘nominal diameters but are otherwise similar. The tunnels were drilled by 
removing 11-ft-long sections of rock with each blasting operation. Although 
the nominal diameter was approximated at drilling face of each section, the 7 
- actual diameter gradually increased away from the drilling face. In addition, — 
the unusually hard rock broke quite irregularly as shown in Fig. Maximum, 
minimum, and typical sections for both the 20-ft-diameter and the 22-ft- 
diameter unlined sections are given in Fig. 4. ~The bottom of the tunnel had» 
not been | cleaned out when the cross netiins ; were measured, | 80 that the 
exact shape of the bottom 80°-to-90° arc is unknown. Areas and perimeters 
have been determined by measuring the known part and by assuming: the 
“remainder : of the cross section to be similar. ‘Characteristics of the unlined 


The initial filling of tthe was on 6, 1943. It 
remained filled until October 16, 1953, when the tunnel was ematered for 

inspection. The October, 1953, that was 

General.— —All tunnel surfaces were coated with a ¥-in. layer of black 


nucilaginous material. This deposit was exceedingly uniform both in depth 
_ and in surface-roughness ¢ characteristics. Ite covered and eliminated all small — 
“surface roughnesses, but it reproduced all major surface 


Such as joint misalinements. The material eliminated the original surface- 


roughness” characteristics. so effectively that the steel and concrete sections” 
Spectrographic X-ray "analyses showed that the coating material 
primarily manganese in the forms, MnO and Mn:03. is assumed ‘that 
deposition was a result of the adsorption of by y algal | poly- 
saccharides through the process determined‘ after a similar deposition was — 
found i ina tunnel 35 miles north of the Apalachia project. 
e. Downstream from the unlined rock section a strip, which was approxi- 
= mately 14 ft wide along the bottom, was free of the deposited material. — The 
s _ cause was believed ‘to have been the continual movement of small “quantities: 
om 
sand and gravel picked 1 up in n the unlined section. 2 
_ Areas were found throughout the tunnel in which the material had peeled 
off at some time prior to the inspection. New deposition had begun, but the | 
3 at the break remained well defined and varied in size from less than 
1 sq ft to 20 sq ft. No particular surface seemed to peel more than the others, — 
and probably not more than from 2% to 3% of the total tunnel surface was 
affected toe ig. 5 shows the general surface texture of the coating a and illustrates 
? the reproduction of major surface shapes and the sharp edges at a point where — 


os ‘The Adsorption of Manganese by Algal Polysaccharides, ” by Arthur Z. Pillard and ‘Peter Byrd — 
4 Smith, Science, Vol. 114, No. 2964, October 19, 1951, pp. 413-414. _ : vd 
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fo Steel Pipe. —The th he bitumastic paint were 
a The tunnel was unwatered for two and one-half days for the 1953 inspection. 
At the end of that time it was noted that considerable flaking of the deposited — 


~— coatin g occurred along the overhead parts of the exposed steel pipes as a 
result of the drying out of the material. Probably from 20% to 30% of the ~ 7 
total surface was affected. Thus, the exposed pipe surfaces at the dam fl 
at the Turtletown Creek 2 adit became considerably roughened from the hy- 
-draulic standpoint. _ These exposed lengths extended between Sta. 1 + 28 


and Sta. 9 + 15 and between Sta. 218 + 66 and Sta. 221 + 01. ae The liners 


5. —NoORMAL 1954 CoaTina or Masor SURFACE 
SHAPES AND PEELED AREAS tovel igus fy 


at the Apalachia adit and McFarland adit and the one between Turtletow 
Creek adit and McFarland adit were all buried and not exposed | to the sun, — 


the result that they did not become roughened. 


_ Concrete Tunnel.—The texture of the coating on the concrete surfaces was oe 
‘teed _ All irregularities due to the form joints: and | inspection doors were 
Unlined Rock Tunnel—The 4-in. coating could not materially change the 
_ shape of the unlined rock surfaces. J) It did tend to round over er the edges of the 


protruding 


= 


ma 


- 
| 
g 
d 
it 
of hydraulic roughn Oriei lc 
y, some of the | 
= 


the unlined sections and the larger particles downstream. Most of 
a. these larger ¢ stones have become worn until they have the appearance of r river 
«gravel. In many places, especially in the 22-ft-diameter reach, they 


__ created pot holes, some of which are 6 in. deep and from 8 in. to 10 in. in 
: 4 diameter. _ There are not enough of them, however, to have any appreciable | 
a The 1944 field observations made at same time’ as the turbine- 
index tests. This procedure was possible because both types of tests required - 
= that the turbines be operated over a wide rs range of gate openings, ¥ with each | 
’ gate position held constant for a sufficient length of time to allow the flow to 


a On January 25, 1944, unit 1 was operated alone. hei day began clear but 


Manometer Installations —At the Apalachia— Dam adit two water-air a 
differential manometers and one open U-tube mercury manometer were used, 


At Apalachia adit one water-air ‘open 
U-tube mercury manometer were used. In this location the open mercury > 
manometer was connected to piezometer I E, and the water-air differential 
At both the Turtletown Creek adit McF Farland 
10-ft mercury manometers were used. These manometers ‘were made in two 
sections to facilitate carrying and “were carefully e: calibrated. 
At the Apalachia Dam adit the pressures were sufficiently low that the — 
gages could d be installed nearly at at tunnel level. _ Each manometer was equipped © 
with a blowoff cock in order "that the piezometer lines could be 


‘Maximum and minimum Pressures at the other three’ locations were 


was necessary ‘to place them on the hillsides above the sesael. There was % 


considerable difficulty in finding suitable manometer sites at the proper 3 
_ elevations because of the steep terrain. Data from all manometers were tied 2 
_ together through the level system established for the tunnel construction. liter 
- Connection of the manometers to the piezometer lines was by #-in. pipe. _ 
The long lines used for most of these connections could have caused considerable. 
as a result of differential effects. Fortunately, however, 


a slightly, but this ainet should have been negligible because at Apalachia, _ 
_ where: the small differentials were measured, the vertical length subjected to 
differential heating was not more than 38 ft _ Because it was January and a J 
partly cloudy day, there was not enough available solar energy to affect 
appreciably the larger differential between the othet piezometers. OG 
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the: ‘others ‘and from the pow erhouse, it was necessary to take readings at 
_1-min intervals continuously throughout the test period to assure a complete — 
_ record. All observers’ watches were carefully compared a at the beginning and 
end of each day’s observations, ¢ and all time readings we were corrected to cor- 
= with a master electric clock at the powerhouse. At each location the a 
_ Manometers were operated and read by an experienced member of the engineer- © 
ing staff of the Tennessee Valley Authority’s hydraulic laboratory. == 
_ Although every effort was made to obtain continuous oman at each site, 
several breaks occurred. For example, on January 26, rain interfered several 
times with the recording ¢ of the ‘measurements. — The data paper became so 
wet that a legible record could not be kept. At one gate opening on January — _ 
_ 26, the top of the mercury column at Turtletown Creek was behind 2 a rubber a 
connector which united the two 5-ft gage sections. 
. - The 1954 field tests were made on March 27 and 28, the single-unit test 
Aas being performed on unit 1 on March 28 and the double-unit tests on March 27. 
The first day was dark and rainy, and the second was clear. At the time of 
these tests the wicket gates were equipped with blocks, which prevented = 
—_ _ gates from exceeding a 90% opening. A test was made at this point on ont B, 
a 27, but time did not permit similar ‘reading on March 28. 
<a Piezometer Cleaning. —At the time of the October, 1953, inspection, ol 
= : area of at least 3 ft in diameter was cleaned around all piezometer openings. 
M anometer I ‘nstallations.— —At Apalachia Dam three single-column, 5-ft 
ier’ gages were mounted on the hillside at such an elevation that all readings © 
_ would be within the 5-ft range. At Apalachia adit the same equipment was 
_ used as in the 1944 tests. At Turtletown Creek adit a 5-ft, U-tube | mercury 
manometer was ‘mounted, and at McFarland a 5-ft, single-column water gage 
used at multiple locations. A series of temporary benchmarks was set on 
the steep hillside at the arland site, as the hydraulic grade: line varied, 


All gages were to ‘the piezometer outlets by }-in. translucent 


_ polyethylene plastic tubing. Solar radiation probably caused an appreciable 


effect. on the plesometer A to B differentials on March 28; otherwise no effect a 


Observations. —Portable two-way radio « equipment 1 was available for use at 


each adit and at the powerhouse. A 1-min time signal was broadcast from the © a : 


_ powerhouse to initiate a reading at each gage site. __ Time-signal checks were = 
broadcast approximately every 20 min and at the beginning of each steady 
: - test period. The radio made is possible to obtain complete data at every 


i. ‘station for every gate position. As in the 1944 tests, experienced personnel a 
used at all gage sites. shisT: at 


— Tunnel discharges for - both test periods were based on records obtained at 


gaging station below the powerhouse. Because river 
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* 
did not oceur the as a result of the 
time each gate position was held, the actual discharges were computed on the | 


wwe 


of differential-pressure measurements obtained from turbine-scroll-case 


piezometers. These pressures were correlated to the river discharges by 

measurements obtained at periods when the gate openings were held constant _ 

_ for a sufficient time for the river flow to stablize and, thus, to allow the deter- — 

mination of the discharge from the gage-rating curves. Discharge onan 
ments made at the station by the Geological Survey (United States Department _ 

of the Interior) were carefully « examined and plotted to give the best rating Fs 

curve for the time of the friction measurements. 
1944 Test Tests. —The actual gate opening depends on po Ca mov ement of tl the 
servomotor pi piston. o In turn, the discharge v: varies ; with the gate opening, and 
“a the differential pressure, with the discharge. Thus, the differential pressure 
should vary smoothly with the observed movement of the servomotor piston. 
il It is probable | that in 1944 the measurement of piston travel was more 
accurate than the measurement of differential pressure. Accordingly, the 


~ turbine-gate openings were recorded in terms of the movement of the servo- S 


- motor piston that opens the gates, and the differential pressure for each gate 
opening was taken from smooth curves drawn through the points determined — iG 
by the observed relationship between the piston movement and oe 
pressure. The piston movement, the observed differential pressure, and the 
adjusted value taken from smooth curve for each gate on January 
_ ia Re er stage s at ‘the; gaging station n during the 25% gate opening tle 100% — 


gate opening inteeated river discharges of 1,150 cu ft per sec and 3,290 cu ft_ 


tunnel and the flow i in a river above the The latter 
was measured during the tests and was 84 cu ft per sec. However, because 


the river discharge can be determined only to the nearest 10 cu ft persec, the 


net discharges through | the tu turbines can be considered as 1,070 cu ft per sec 
and 3,210 cu ft per sec. wild xu ‘ine ta 
_ The known discharge of 3,210 cu ft per sec for both units at a gate opening — 

* ll 100% « on on January 26 was divided between the ‘two units in proportion to_ 
their power outputs. index test data gave values of 39, 790 kw and 
40,000 kw for unit 1 and unit 2, respectively. ‘Assuming that both units were 
operating at the same head and efficiency, 1 the corresponding discharges were = 

i 1,600 cu ft per sec and 1,610 cu ft per sec. Discharges for each unit at other 
ate openings were then computed by assuming the discharge to be aresetensl 
to the square root of the differential pressure. © _ These values for unit 1 and 


unit 2 on January 26 are also given in Table 2(b), which | shows the e computed 


af discharge of 1, ,060 cu ft per sec for a 25% gate opening. This value com- 
pares favorably with that of 1,070 cu ft per sec obtained from the rating curve. 

Loe Discharges for unit 1 on January 25 were computed from the same relationship — 
__ 1954 Tests—The method used in measuring the scroll-case differentials for — 
the 1954 tests was more accurate than that used in 1944, Therefore, it was 

om not necessary to adjust these values on the basis of the servomotor-piston- 
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measurements. measured 


‘Steady river stages were not , obtainable on the days of the tests, but 7 
arrangements were made for discharge tests ‘Shortly aft after the friction- 
tests. Single-unit tests were made at gate openings of 60% on 


TABLE 2. DIFFERENTIAL PRESSURES, AND DISCHARGES 


SECOND 


__| Unit | Unit 


(a) Ja (2) January 26, 


ra 


ooo 


IN 
3388 


- 


| 


ip 


12.195 | 12.36 | 10.81 


@ March 27, 1954 


a 


« In. of water s In. of water may In. of water 


| 


unit 1 58% for unit 2. ‘The of 1 300 cu 


- per sec for both units. Se These discharges include the flow in the river above | 
the powerhouse | the: leakage through the shutdown unit. Subsequent 
field ‘measurements gave a value of 50 cu ft per sec to these flows. Coe net 7 


a 

: 4 

== 

In. of mercury __|In. of mercury] In. of mercu — 

7 

a 

10.020 | 10.03] 8.81 | 9.971 | 1 1,440 | 1,443 | 2,880 ac} Oo ae 

5 |10.620 | 10.73] 9.31 |10.905 | 10.86 | 1,490] 1,495 |2,980 BE 

90 | 10.72 82 | 13.97 | 1,700 | 10.72 |11.305 | 11.33] 9.81 [11.700] 

4 95 | ... | MB. | ... | | 11.25 |12.110 | 12.92 | 10.37 |12.253 | 12.18 | 1,570 | 1,582 | 3,150 

March 28,1954 = 

4 32.68] | 699] 751] 1,4 

: 40° 39.56| 826] 1,6 — 
63.65} 1,024 | 1,048 | 2, 
75.07} 1,111 | 1,138 | 2,2 
86.54] 1,185) 1,222)2.407 =. 
107.88 1,328 | 1,365 | 2.693 
75 89} a 
85 135.65 | 1,491 | 1,530 | 3/021 

‘ 
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TABLE 3. or HYDRAULIC LINE AND 
a E ELEVATION (FRET Asove EL. 1200) Measurep Loss, tn Feet, q 


| PrezOMETERS: In Section 


Gate 


One unit, January 25,1944 


775 | 7698 | 75.59 ¥ 
7782 | 76: 69.39 
77.84 
7791 


77.93 ‘ 
77. 74 73.75 64.15 
77 ol 7661 | 73.34 | 62.92 


70.51 0.088 


| 


78.38 64 


1-1-1 


if 


a 


77.059 | 74. 73. Te 
76.792 


eeesssssss 
$22 


= 
= 


76.328 
74, 
73.702 | 
72.030 | 


a 


Sessssssssss 


OND 


- 


r 


— 
1 
— T 
| 0.076 | 0.047 i 
69.50 | 0.096 | 0.064 
66.17 | 0.128 | 0.089 
64.64 | 0.145 | 0.098 
63.04 | 0.166 | 0.110 
61.64 | 0.183 | 0.123 
“7861 | 76.40 | 70.62 47.65 | 0.210 | 0546 
78.66 | 76.08 | 69.32 42.59 411 | 0.251 0.634 
— (7868 | 75.78 | 67.96 | 475 | 0290 | 0.724 Rte 
78.69 | 75.48 | 6663 535 | 0.325 | 0.820 3 
592 | 0.363 | 0.899 
699 | 0.432 | 1.066 
7870 | 74.18 | 61.75 747 | 0458 | 1147 
| 78.69 7392 | 60.76 788 | 0489 | 
— 78.06 77.789 | | 
— | 
t 
— 
& 62 | 0.396 
— aa 95 | 0478 
— 
— 
— 
Names of adit where piezometers were located or of section where loss was measured. 


using these diochrges and differential Pressures, the coefficients, K, in 


compare with coefficients of 128.3 for unit 1 and 127. 9 for unit 2 detneoined | in 
1944, This change in coefficient is reasonable because one of the scroll-case a 

- piezometers for unit 2 was modified when the unit was shut down in 1953. 
Tables 2(c) and 2(d) give the on basis of the 1954 


coefficients. 
Repuetion or Test Data 


‘Manometer readings were reduced to elevations of the pressure grade | 
- These elevations, : as well as the differential pressures between piezometers | A & 
_ and B, B and C, and D and E, are shown in Tables 3(a) and 3(b) for the 

1944 data and in Tables 3(c) and 3(d) for the 1954 data. _ Reservoir elevations 

for the test periods 1 were taken from the chart of the headwater recording gage a 

at the dam and are also indicated in Table3. 

The hydraulic-grade-line elevations and differential pressures given 

Table. 3, together with the discharge rates in Table 2 and the general data i in 

Fig. 1, were sufficient to compute the various losses i in the test sections of the By ee 

tunnel conditions in 1944 were such that the data in Tables 3(a) 

could be reduced to give friction-loss coefficients for three general tunnel-— 
surface roughnesses—bitumastic painted steel, concrete, and unlined rock. 
The data also made it possible to determine the bend-loss coefficient for bend eS 
_ The tunnel conditions in 1954 also resulted in three general tunnel-surface — 
roughnesses for which friction-loss coefficients could be computed from the a 

data of Tables ¢ 3(c) and 3(d) . Two of t the three 1944 surface-roughness | types 
were changed materially by the ; fein. 1 manganese coating, and only the rock 
was essentially similar in 1954 and 1944 - The loss coefficient of bend 1 could — ns 
‘The section between piezometer D ‘and piezometer E one con- 
traction and one expansion from 18 ft to 16 ft. The losses proved | to be a 
small for both sets of test data that they could 1 not be ‘separated. 
Friction losses for each type. of surface were’ expressed in of the 
coefficient, in the Weisbach equation, 


= 


“and results: are plotted as a function of the Reynolds number, R, in 


In Eqs. 2 nail a4 Li is the length of any test reach; -D denotes the dinmetes of 


the pipe; V is the average flow velocity; hy represents the energy loss over 
- length, L; and » is the kinematic viscosity of the flowing PS se 


| ia 
> 
= 
— 
— 
| — 
| 
| 
| a 
— 
| 
7 
a — 
| 
~ 
« 
— 
7 


number, f. ; Computed Loss “= 
percentage | ™ 


pont * (4, 


0.0130 
0.0136 


3 


= 
~ 
oo 
on 
Oren 
| 
oo 


Sou 


> 


NESS 


3 


So 


i Go Gobo to: 


3S: 
Ne 


: 


SOLON SH. Pr 


55 

> 


14.7 X108 


0.0197 
0.0190 
0.0167 


0.0162 | 
0.0169 


R 


| 

| 292 


4.9X10*| 0.0142 ‘ie 
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0.0122 


| 0.0122 
‘| 


0.0122 
0.0122 


From Apslachia Dam adit to Apaiachia adit, 


7 
a 
| 46x10" 0.017 0.0746 | 092 | 0.01100 
: 5.1108 |i 0.026 | 0.0939 | [os 1.16 | 0.0114 
5.6X10*} 0.0129 | 0.026 | 0.0781 | | 148 | 00122 
497 | 6.0x10¢ 0.0130 0034 | 0.0850 | fil | 171 | 00121 
65 | 5.30 6.4X10*| 0.0130 0.035 | 0.0800 | #13 | 1.99 | 0.0124 
70 | 6.7 X10") 0.0133 | 0.038 | 0.0778 | | 2.32 9.0180 ‘Tt 
7.1X10*| 0.0133 | 0.044 | 0.0816 16 0.0128 
a 
— a 
a 
— Open | 1288 
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1954, was 8°C, whereas the on n January 26, 1944, was 
_ A value of v of 1.498 X 10-5 was used at 8°C, and a value of 1.542 x 1075, 


w He = Ce (5) 


in which He is the head I loss due | to the bend ai and Cz is the | loss coefficient. toe 


@) STEEL WITH BITUMASTIC 
PAINT, 1944. (b) FLAKED COATING, 1 
CONCRETE, 1944 wae 
Dam Adit to Apalachia Adit 
9 1 Unit Creek Adit to McFarland Adit 


1944 Friction Loss in 18-Ft Steel —The friction for 

steel pipe were computed by Eq .2 from the discharges i in Tables 2@ 
pre nd 2(b), the observed pressure ‘drops i in Col. 7 of Tables 3(a) and 3(b), and 
= from the dimensions of the test section in Fig. 1 These values are given e 

Tables 4(a) and 4(d) and are plotted in Fig. 6(a). Sy 
1964 Friction Loss for Flaked-Coated Surface.— —In 1954 the manganese _ 

coating in the steel pipe, which contains piezometer reach A-B, was roughened _ 

by flaking during tl the inspection unwatering period. x Friction coefficients for Rie 

this type of surface were computed by Eq. 2 from the discharges | of Tables eee 

2(c) and 2(d), the observed pressure drops in Col. 7 of Tables 3(c) and 3(d), : 

the dimensions of the section. These values are given in Tables 4(c) and 
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te 


— 

| 

4 

— 

4 can be directly related to f in Eq. 2 and are also shown on the plotted data f or a a 
the benefit of those more familiar with the use ofmthanf. = = 
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— 
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0.008) 
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and piezometer Cw was the result of the loss due to bend 1 and the friction 2 
in 198 ft of tunnel, of which 120 ft were 18-ft steel pipe and 78 ft were 18-ft a aes 
concrete-lined tunnel. In 1954 the 198-ft reach of tunnel was normal-coated. | 
Because both test sections of the 18-ft, concrete-lined tunnel contained bends, “i 


it was necessary to determine the bend-loss coefficients and the friction co- 


efficients for the concrete tunnel by successive approximations, 


Cc was s first assumed to be compensa entirely of 18- ft steel pipe for which the 


ter A and B. the computed friction loss from the 
measured loss gave the loss for bend a from which the preliminary bend- loss : 


applied to. bend 2 and bend 3 between iileinihbadtbbir Cc aid piezometer D in vedere 
obtain an ‘Spproximate f-value for the concrete tunnel. The bend-loss 
coefficient, Cg, for bend 1 was recomputed by using the f-v shies for the oj 
_ The preliminary 1954 bend-loss computations were made by estimating 
that the B- “C reach had an f-value o of 0. 0125 th _ This bend- -loss factor was — 


of surface, which was used, in turn, to recompute the bend-loss coefficient —_ 


‘Tt has been proved that as many as 50 of pipe 
required to re-establish the friction-loss gradient downstream from a bend. 


nonuniform velocity disteibution had effect on the length of 
straight pipe required to re-establish the friction gradient. Because piezometer 
; _ Cis only 112 ft, or 6.2 diameters, downstream from the end of bend 1, it appears 
that only a part of the total loss due to the bend can be measured. “On the basis — 
the data obtained by Yarnell and Nagler, it was estimated that probably 
_ only 50% is measured by the B- C piezometer differentials and that the re- e 
Bend 3 ends 141 diameters upstream from 


- contained in the C-D measurements. Bend 4 ends 10 diameters amie 
3* from piezometer | E; ; approximately 80% of the bend loss was measured between — ; 
-piezometer D and piezometer E, and 20% remained i in the E-F section. Bend 


piezometer D. ‘The loss from 2 and bend 3 should therefore be 
a 


5 ends 231 diameters upstream from piezometer | F. Therefore, the loss 
be entirely contained in the E-F section. ‘Similarly, the loss for bend 6 should 


_be entirely contained in the F-G section because it Mt 208 diameters upstream 

4 we By using this assumed distribution of measured bend loss and the measured - 
loss for bend 1 as the base value, bend-loss coefficients were determined for the ; 


remaining five bends. Table 5 lists the six bends included in the test sections, 


_ _ &“Flow of Water Around Bends in Pipes,” by D. L. Yarnell and F. A. Nagler, Transactions, ASCE, ) 
Loss in — pe Bends of Constant Circular Cross-Section, ” by A. ‘Hofmann, Bulletin 8, 
@ of the ydr Inst. of the Munich Technical Germany (1929), AS.M.E., i935. 
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‘Available information concerning "bend losses indicates that the value of Cs_ . 
_ varies with the yerrenys angle and the ratio of bend radius to pipe diameter. 


values of for ‘each bend, and Col. 7 ‘indicates the ‘corresponding 
values of the bend-loss coefficient for a 90° bend as recommended by Creager , 
- Justin. The values of Cz for bend 1 through bend 6 are given in Col. 8 fe 
and Col. 9 of Table 5. bi! For bend 1 this value was found by Uoebting’ the value o 


the second se set of bend- loss computations. ‘For bend 


TABLE 5. —Benp- Loss CoEFFICIENTS Pas a 


Bend Deflection | Radi diameter D Deflection 
i factor,s K ‘ane \eoefficient,¢ 


18°18'53" | 250 0.359 
0.257 

250 0.100 


6, value o of Cri is the v: value: 1 multiplied the ratios 


of appropriate factors in Col. 5 and Col. 7. For in 1944 


pute for reach C-D. The latter values were then used to r recompute 
the loss : at bend 1. The final Cg-values are shown i in Col. 6 of Table 4 and in 


nnel, Apalachia Dam Adit 
Apalachia Adit between piezometer C and piezometer D,the 
- test section contained 6.617 ft of concrete-lined, 18-ft-diameter tunnel, bend ety 
re and bend 3, and one half of bend 1. Elevations of the hydraulic grade line at : - = 
piezometer C and piezometer E and the differential pressures between piezome- 
ter D and piezometer E are recorded in Tables 3(a) and 3(b). Adding the a 
_ differentials between piezometer D and piezometer E to the hydraulic-grade- 
line elevations for E gave the grade-line elevations at D. Subtracting these a 


elevations from those at C g gave the hydraulic losses between p piezometer = 


“Hydro-Electric Handbook,”’ by William P. Creager and Joel D. Justin, & Sons, Inc. 


William P. Creager and Joel D. Justin,’ whose values of K, reflecting the 

— 

‘139° | 045 | 003 | 003 

— 

warrant any further refinement of f or Cr 

| q 


FRICTION MEASUREMENTS» 
for 1, 2, and 3 were computed by Eq. 5 the values of 
_ given in Table 5, and values of f were computed from Eq. 2. The results are — 
summarized in Tables s 4(a) and 4(6) and are plotted in Fig. 6(c). ar 4 
«1964 Friction Loss for Normal-Coated ‘Surface, 2 Apalachia Dam Adit to 
Apalachia Adit.—In 1954 the surface in the section from Apalachia Dam adit — 
- to Apalachia adit was normal-coated. Identical reduction procedures were 
a. used for the 1954 data as for the 1944 data. .. Tables 4(c) and 4(d) summarize 
the computations, and Fig. 6(d) shows the plotted f-values. 
_—-—s« 1944 Friction Loss in 18-Ft, Concrete-Lined Tunnel, Turtletown Creek Adit — 
to McFarland Adit. .—Between Turtletown Creek adit and McFarland adit, the 4 
a nd tunnel was largely concrete-lined and 18 ft in diameter, similar to that between _ q 
Apalachia Dam adit and Apalachia adit. Therefore, it should have the same 
and roughness coefficients. ‘The computations | are somewhat 


1944 data 


Unit 


+2 Units 


mien, 


1 Unit 


“ty 


ol lining but also 118 ft of 18-ft- diameter steel pipe, 598 ft of 16-ft-diameter wre 
pipe, 60 ft of concrete transitions having an average diameter of 17 ft, one 
contraction, two expansions, and bend 6. In addition, the tunnel did not have iW 
a 7 the same diameter at the two adits, so that the measured drop in the hydraulic 
grade line i is not equal to the drop i in the energy grade _. See ‘| 
we The drop i in the energy y grade line can be determined by adding the velocity 
head at each piezometer to the elevation of the hydraulic grade | line at that 


as: 


piezometer and taking the difference of these e sums, . Thus, if the er energy grade 


a 


— . 
— 
4 
~, 
— 
— 
— 

= 
— 
— 
pe 

— Creek and McFarland adits are denoted by 


which can bei rew él AY HAD 9 
AE = (Hr — Hu) r = (Hr Ax) + 29 


The friction loss i in the 18- ft, conerete-lined section of the tunnel is the latter 


_ Losses in the steel-pipe sections were ‘computed from Eq. 2 by using f-values- 
from Fig. 6(a), assuming that f did not vary with the change in diameter. 
a - Losses in the transition sections were ignored because reduction of the data — 7 
S for the piezometer section D to E indicated there was no measurable loss due 
to the transitions. The bend loss was based on Cg-values taken from Table 
bend 6. alues of were computed for the combined 
oa sections on the basis of the remaining loss. The computations are summarized — 
in Tables 6(a) and 6(b), and the results are plotted in Fig. eccrine 
1954 Friction Loss for. Normal-Coated Surface, Turtletown Creek Adit to 
McFarland Adit.—The tunnel surfaces in the reach from Turtletown Creek — 
it to McFarland adit were all normal- coated. The only loss other than ~ 
friction loss due to this surface roughness was that caused by bend 6. © The — i 
computed f-value is based on a tunnel section of which 91.5% is 18 ft in < 
_ diameter, 74% 3 is 16 ft in diameter, and 0.75% is 17 ft in diameter. i On a 
basis of the relativ e-roughness concept advanced* 9,10 by J. ‘Nikuradse, these 
values should be slightly larger than those for the section from Apalachia Dam 


‘The total energy | loss for the latter reach Ww: vas computed in the same manner 


Table 5. The computations are in Tables 6(c) and 6(d), and 
results are plotted in Fig. 6(d). oe 
Friction Loss in Unlined Rock Tunnel.— —Between | the Apalachia 
ee i. Creck adits, the tunnel consisted of 3,098 ft of unlined tunnel, fon 
2% 20 ft in ne nominal diameter; 2,902 ft of unlined rock tunnel, 22 ft ‘in nominal aS Be 
diameter; 7,626 ft of 18-ft, concrete-lined | tunnel; 20 of concrete-lined 
transition av’ eraging 17 ft in diameter; and 369 ft of 16-ft steel pipe. Losses 
Ww ere § also caused by bend 5, the remaining 0.2 2 of the loss at bend 4, the expan- 
sc from 18-ft concrete to 20-ft rock, the contraction from 20-ft rock to 18-ft_ a 
_ concrete, and the contraction from 18-ft concrete to 16-ft steel pipe. The Pt 
ie expansion from 20- 20-ft r rock to 22-ft rock and the contraction fr from 18- ft ee : 
* 16-ft steel were so gradual that losses due to them were neglected. os 2 
The energy in section was not equal to the fall in the hydraulic 


~*~ 


determined by the difference between yibcity heads at 
_and piezometer F to the elevation of the hydraulic grade line at piezometer F, 


ill’ "Widerstandsgesetz und Geschwindigkeitsverteilung von turbulenten Wasserstrémung in glatten | 
_ und rauhen Réhren,” Proceedings, 3d International Cong. on Technical Mechanics, Stockholm, 1930. —__ 
__ © “Strémungsgesetz in rauhen Réhren,”’ by J. Nikuradse, Forschungsheft, Verein Deutscher Ingenieure, — 
a: ‘Gesetzmissigkeiten der turbulenten Stromung in glatten Réhren,” by J. Nikuradse, Zeitschrift, 
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MEASUREMENTS 


D ae losses in the 18-ft section and 17-ft concrete section and in a the 16-ft 
steel pipe, om also —_ orm due to bend 4 and bend 5 and the expansions and — 
W hat. wales of to use in the losses due to the two: conerete 
sections caused some concern because, as can be seen in Fig. 6(c), the f-values 
for r the section from Apalachia Dam adit to Apalachia adit differ materially 
from: those for the section from Turtletown Creek to McFarland. The con- 
struction records disclosed that two separate mixing plants were used for the 7 
tunnel concrete. plant at the dam mixed all concrete placed upstream from 
_ Turtletown Creek: adit, whereas a p lant at McFarland adit was used for the 


ae below Turtletown Creek. The same source of aggregate was used at 


. both plants, and the same type of § agitator cars was used to haul the concrete — 


to the p pour sites. Identical equipment was used to place” the concrete, but I 


different types of batching equipment and mixers were used at the mixing ane 


plants. It would not seem that these differences in equipment could have 
Eee the difference in the f-value. | However, the 1954 data for these two px 
- sections, as shown in Fig. 6(d), produced nearly identical values. to soll : 
_ essentially the same reduction method was used for each set of data, a difference “im 
must have existed in the surface characteristics of the original concrete surfaces. 3 a 
Therefore, it was concluded that such a difference did exist and that it must 


a be due to the source of concrete. — Because the concrete for the section from yo We a 


a Apalachia adit to T urtletown Creek adit came from the dam mixer, “the 
_ f-values for the concrete in the reach were taken from the Apalachia Dam to 


a This that the change i in did not affect the f- 
5 losses due to bend 4 and bend 5 were computed from the Cz-values of Table 5 a 


using 0.2 of the computed loss for bend 4, bra” the: 


The loss due to the enlargement from the 18-ft lined section to the aan 


4 unlined section was computed from the equation given" by Hunter Rouse, 


— 


lp = O.1C os. Wu 


which reduces to 
> 


| 


: chamfer, as shown i in detail A of Fig. 1 |. Tests on concrete box ‘culverts with he 
z= beveled entrance" indicate that the loss at the entrance may be e 
pressed in the form of Eq. 5 with a coefficient of 0.15. = | 


“Elementary Mechanics of Fluids,” by Hunter Rouse, John Wiley & Sons, Ine., New York, N:.Y.. 
"The Flow of Water Through Culverts,” Bulletin No, 1, Studies in Eng., Univ. of Iowa, Iowa City, — 


by s svation of the hydraulic grade line at 7 
piezometer E. This process is similar to that used in finding the energy loss" 
 hetween urtletown Creek adit a MeFarland adit. The loss in the unlined | 4 
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FRICTION MEASUREMENTS 
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CompuTep Fricrion Losse 
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18-ft | 17-ft | 16-ft | Normal-| Flaked- | lsneous 
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— + tunnel, | f-factor | 
(@) One unit, January 25,1944 3 
— 10.71 0.097 | 7 | 
15.90 | 0.007 | 9 
17.50 | 0.096 | 9 ap 
19°20 0.096 | 10 
— 22.07 | 0.096 | 10 
TR 22.36 | 0.095 | 11 
— 85 24.88 | 0.093 | 11 
— 0.100 | 2.3Xx10¢ 
— | 0.093 | 5.3 
| = @) Two units, March 27, 3 7 


ned tunnels separately. — 3 However, ‘values of f were computed from 


La FRICTION | MEASUREMEN 


_ Vie. 6(e), f is plotted against a pate of R based on the average diameters 
and areas of the two sections. Values of n and »v are also indicated. The 
computed factors are summarized in Tables 7(a) and 7(b) . Col: 7 of Tables 
% and 7(b) includes the bend, contraction, and expansion losses. __ etn 
In waabings the computations f for orf, the diameter was | taken as that of a circle = 

radius used was one-fourth of the equivalent diameter. | This assumption is me 

not quite correct: because of the irregularity of the tunnel cross sections. For a 

- example, the average » hydraulic : radii of the 20-ft and 22-ft tunnels as measured : 

_ from the cross sections are actually 5.36 ft and 5.60 ft instead of the equivalent 

_ diameter values of 5. 465 ft and 5.855 ft, respectively. — Use of the measured | 
values in Eq. 2 ‘produces values that are 2. 3% smaller than those given in 
hoe Tables 7(a) and 7(b). However, the differences are minor, and, in view of a 

rs the uncertainty of actual tunnel shapes (which depend on the character of © 


‘4 


rock and the manner in which it breaks, as well as on the care taken in measuring cr 
the irregular sections), it is better to use the simpler assumption of an equivalent: ate 
area and the corresponding hydraulic radius. 
1954 Friction Loss in Unlined Rock Tunnel. —The composition of the test 
‘* reach from Turtletown Creek to McFarland was essentially the same in 1954 
«i -S 1944, except that it was necessary to split the steel-pipe sections into two — 
categories because 234 ft were exposed to the sun and became roughened, as a 
did the piezometer A-B section, whereas the remaining 135 ft were covered ; 
therefore were of the normal-coated-surface type, 
= The total energy loss in the section was obtained in the same manner as 
a jn 1944. There was no question as to which values of f to use because the two 
Sections with normal-coated surfaces gave essentially identical results. There-— 
fore, the f-value was taken from the curves of Fig. 6(d) for the normal-coated 
= and from Fig. 6(b) for the flaked coating in the 234 ft of exposed steel 


Cp-values of Table 5. The expansion and contraction losses were computed 
_ - in the same manner as for the 1944 data, ar and identical equivalent-area dimen- | a 
sions were used to compute the f-values. Tables 7(c) and 7(d) indicate the 
‘computations, and the f-val alues are plotted i in Fig. 6(f). 
r Tests on the Apalachia tunnel were made at discharges 0 of between. 826 cu ft : ; 
— per sec and 3,210 cu ft per sec. Friction coefficients were determined for five 
‘ 4 widely different types of surfaces, including steel coated with bituminous paint, 
concrete placed against steel forms, unlined rock, a fairly uniform deposited 
coating on the concrete and steel surfaces, and a roughened 
i surface. — Discharges were based on a rating curve established by current- — 


meter measurements supported and supplemented by observations of turbine-_ 


ai ony 


=. 7 Although some of the methods used for obtaining the 1 1954 test data differed _ 
in detail Sem Chase for the e 1944 tests, the data are Both 
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MEASUREMENTS 


‘sets of data obtained with single-unit operation were taken on clear or partly — 
cloudy days, so that some slight inaccuracy may have resulted from the solar 
heating of some of the long connecting lines. The effect should have been is ; 
- more pronounced in 1954 because it was clear all day and because the gages 
were mounted so that considerable vertical line could be affected. The two- 
“= tests were performed on rainy days and should not have been affected in -. 
such a fashion. Fig. 6 indicates that the apparent spread in the single-unit _ 
test data. appears to follow this reasoning. In 1944 the single-unit data 

_ spread more than the two-unit data, but not so much as the single-unit 1954 
data, and, as might be expected, the 1954 two-unit data had little spread. a. 


‘The two sets of data taken ten years apart cannot be compared because a 
the surfaces were essentially different. However, it is interesting to note 5 
4 from Fig. 6 that the manganese coating resulted in a decrease in friction _ = 

coefficient for all surfaces except the concrete lining from Turtletown Creek 
McFarland, which remained almost constant, and the flaked-coated surfaces 
vin the steel pipes. Iti is also to that the of 


4 is not v very ‘serious sbocatan err errors of from 0.008 ft to 0.010 ft in the observed = 

losses would account for the spread at Reynolds numbers less than 5 X 10°. | 

Density variations due to solar heating of the ‘piezometer lines could have © id 
Bend losses were approximated in order that of 
the friction losses in the tunnel could be made. These losses were not re- 
- computed after the final determination of friction loss had been made. How- - 
ee if there had been any change, it would have been negligible. — Because - 
_ these losses are a relatively small part of the total loss, the effect of a small — 

change in the roughness coefficient used in determining them would change 

them only slightly, and the final effect on the friction coefficients for the tunnel 

7 — would be insignificant. Fig. 7 shows that the measured bend oo 
essentially the same for both sets of data. 


~) 


“a Some question may be raised as to the adequacy of the method 1 used _ 


_ bend- leo factor, the data were reduced b by using the bend-loss values given : 
Wasielewski.!” These data give values of Cz for bend 1 


‘Turbulent Flow i in Pi 
d Rough Pipe Laws,” by mn 
16“Evaluation of Boundary Roughness,” by Hunter Rouse, Proceedings, 2d “Hydraulics 
Studies i in Eng., Bulletin No. 27, Univ. of lowa, Iowa City, 1943. 
in Smooth Pipe Bends with Bend les Less Than 90 Degrees,"" by Rudolph Wasielewski , 
roceedings, Hydr. Inst. of the Technical College of Munich, Vol. 5, 193, pp. ” 53-67 (in German), > fo 
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produced curves that were somewhat comparable with those found in laboratory 
tests on artificially roughened pipes.®:*8 The original 
— _ painted-steel surface gave a curve with a shape somewhat between an artificially — a Ss 
roughened pipe curve and an average commercial pipe curve, 4:15.16 whereas 
7 tha 1054 flaked coating in the exnosed nine seemed to indicate a coammercial- 
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adit to Apalachia adit were increased approximately 4%, whereas those 
"i the reach from Turtletown Creek to the McFarland adit were increased only ay 
ee 1%. _ If Wasielewski’s data are correct, the 1944 concrete data will show an Ce 
ee even greater spread | between the two any sections and the 1954 data will have ys 
’ approximately the same spread, but the f-values for the reach from Apalachia _ 
Dam to Apalachia adit will be The Nikuradse relationship would 
? indicate that the -Turtletown to McFarland Teach should have a slightly 


an 


Tunnel 


pe | Friction | Pipe radius 
@oefficient, f |r, in feet 


18-ft steel 8 


Apalachia Dam adit to Apalachia adit. 
Turtletown Creek adit to McFarlandadit.....} 0.0128 


increasing number. Although this condition was not quite 
in the tests, the constant value of f may be estimated by inspecting Fig. ae 
# Table 8 lists the estimated values of f and r for each type of tunnel surface, 
“together with the computed vs values of r/k and k. 4 
Upon inspection in 1944, the interior of the steel pipe was found to be 
“glassy smooth, except for the 4-in. ~high irregularities caused by the method o 
usec 
application of the bitumastic. coating. The concrete lining was slightly grainy. 
- Visual estimates of the mean sand grain diameter varied from 0.03 i ‘in. to 0.06 an 


a in. ae No accurate estimate of average roughness for the unlined rock can be 


“made, but the value of 24 in. Seems reasonable. No good visual determination 
of surface-roughness height « or grain ‘diameters could be made « on the coated ' 


_ surfaces because ihe material was soft and | deformed on touch. uch. 


.036, 0.025, 0.009, and 0.018, respectively. By 
| — 
| 
— 
ie nd the size of the surface iia 
uated on the basis of the von 
hich f is the friction he surface. Eq. — 
¥ 
| 


~ formed under the general d direction of Albert 8. Fry, M. ASCE, and Far ig 
immediate “direction of the “Hydraulic Laboratory of the Tennessee 


7 


me a _ Because the error indicated under the heading, “Description o of the Tunnel: _ 


Note,” ‘was felt to have a significant e effect on the previous paper, ? the authors 
the discussers were specifically invited to comment on this paper. Those 
fee contacted were Mr. Hickox, Mr. Peterka, Wilbur R. Barrows, Joseph N. a? 
Bradley, Edward J. K. Chapman, Stephen H. Haybrook, Julian Hinds, Karl ie 
R. Kennison, and Mr. Rouse, Members, ASCE; Gustavus 8. Tapley, A. ™ 2 


None of the foregoing felt that the error altered their previous contributions, =a 


Be therefore, they declined to submit any discussion. 
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ANNUAL ADDRESS AT THE SUMMER. ‘CONVENTION 
PORTLAND, , ORE., JUNE 


st was only one and a half centuries ago that Malthus reached the conelu- 
= — sion that ‘the power of population is is iandohiaitaly greater than the power of the ; 
oe earth to produce subsistence for man.” But Malthus failed to foresee the 
great advances in technology and their effectiveness i in increasing both indus- 
trial and agricultural output per unit of human effort. The population of the — 
“Ta world i is now more than three times what it was when Malthus made his pre- a ls 
: diction, and the people who are living in areas in which technology has made © 
the greatest advances are doing so under conditions that are vastly improved = 
_. those of Malthus’ day. Countries such as the United States and Canada ~ 
_ where technology is furthest advanced are producing surpluses of foods which © 
_ contribute materially to the welfare of the undeveloped areas of the world. 
‘ “a Technological progress has brought with it, as an integral part, improve- “a 
ment in human welfare through such developments as water purification, | 
_ Sanitation, and ‘cleaner surroundings, which have a direct bearing ‘upon mor-— 
- tality. Labor sav saving devices and improved, less hazardous working conditions 


_ _ The rate of increase in the last half of the nineteenth ce century was such that 
‘the world’s population was doubling each one hundred years. In the first half B... 

4 of the twentieth century, this rate increased to such an extent that the popula-— 
tion was doubling in 1 seventy-five years. . The United Nations forecasts that in 
my _ the next thirty years the rate of growth will be such as to double the population — 


in fifty years. vt Of the yer-seeemnge sum of all ver born since the world began, a 


Cons. Engr., Alvord, Burdick & Howson, Chicago, 


— 
= 
4 
| 
= — 
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Aecording to these forecasts, the present world population of 2,700,000,000 
will be increased to 6,000,000,000 by the end of this century and from 
18,000,000,000 to 15,000,000,000 within one hundred years. | & 
a ae 
— 


= Such forecasts, of course, are based on the assumption that advanced tech- a 
7 = nology in food, metals, and energy will produce enough for this greatly expanded — 


> - population. This assumption raises many questions which are of interest to re 


engineers as technologists and as citizens of the world’s most advanced and 4 


Are the natural resources a of j 
“sant 3. Should engineers simply serve as “developers” in this vast program, or 
8 should they enter into the policy-making phases of it through | participation in ine a 
_, ae Should engineers be concerned with the economic as well as the technical _ 
5 « aspects of t of the world-w ide e development and our government’s participation i in it? 


England was .s the firet area in the world to o shape an an industrial not. 
= dependent wholly on agriculture. There the change began to take place nearly — 
twe hundred years ago and was quite definite by 1800. 1 
_ Industrial progress can be measured by the use of coal and iron. 2 + 
co England by 1850 annual coal production had reached 1 ton and iron, 175 Ib per 
capita. These figures were not equaled in the United States until thirty years 
ia later, and it was 1900 before this country used as much coal and i iron per capita 
7 a as England. However, from that time on the United States forged ahead 7 
_ now produces almost 1,300 lb of steel per capita. At the Present time the 4 
United States, with about 6% of the world population, is consuming approxi- 
Annual steel production per capita at the present time is: 1,300 lb in the | 
United States, 700 lb in England, 107 lb in Japan, and 1 lb in 
About 40% of all steel produced in the world since the beginning of its — = 
manufacture has been in the United States and of that amount about two- f 
thirds is still in use. The use of other metals, such as copper, lead, and zinc, 
has increased about thesame assteel. 
oa _ -‘The energy requirements of a society such as ours substantially parallel the 
‘a steel in use. The per capita consumption of energy in the United States has - 
_ doubled in the past fifty years and may double again by the year 2000. — Petro- 
-leum has now displaced coal as the largest source of energy. United Sates 
_ production of oil in 1955 was five times what it was in 1920, yet it has been — 
_ predicted (in a paper presented before the Petroleum Branch of the American F 
_ Institute of Mining, Metallurgical & Petroleum Engineers in February, 1956) a 


_ that the energy requirements that would be met by petroleum in the United : 
States would i increase 55% by 1965. mess ol 
To bring the entire world to the level of the United States, as indicated by - 
the barometer of tons of steel in use per capita, would require six times the 4 
- total steel now in use outside the United States. To . produce that tonnage of 4 
_ steel would require two hundred years’ operation of steel-making capacity 
_ equal to that of the United States. Energy and minerals other than iron would - 
be required i in ‘comparable quantities. _ This makes no provision for the 100% 
population growth of the next fifty years, 
It is obvious that such progress cannot be made “overnight” —it is very 


doubtful it n ever be attained. Certainly, even to small 
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of whet the » United States has done will require the of new 


sources of materials, economically practicable for use, , the training of scientists 
: and engineers, and the development of techniques essential to their utilization. x 
Population growth requires more food. Agricultural technology now de- 7 


veloped should n make it possible to produce readily the food for double the 

present population. _ The difficulties and deficiencies in food supply : are largely 

_ economic. © People in undeveloped countries could not purchase more food 7 
é ithout increased income such as is provided by industry. . Therefore, tech- — 

2 nological advancement in agriculture and industry must .proceed together i“. 


‘The best-fed people are those who live where the greatest technological 
7. “progress has been made and where their food supply i is provided by the smallest — x 
number of workers. In the United States the percentage of agricultural | 
_ workers to all workers has decreased from 64 to 9 in the past one hundred Pi, 
-years—and they a are now producing food surpluses. 
Population growth, increased food requirements, greater demand for 
‘ and other basic materials for industrial expansion, and the necessity of finding S 
-_ new sources of raw materials and economic methods of handling materials more | 
pry to process all point up the necessity for more attention to the training J 7 
and development of scientists and engineers. . ee country that does not value — 
trained intelligence is doomed. Science engineering are. ever moving 
forward i in other countries as well as in the United States. - There is no appeal a 
from the judgment of progress. It i is believed that i in this country the expan- y.. 


of § ‘supply and demand.” ; In the United States the number of seientiate ‘and 
engineers has increased tenfold in each of the past three fifty-year periods. 
- This has been at a rate from two to five times as rapid as the 2» growth it in popula- 


scientist or engineer for every 1,800 people in 1900, enctnry to 1 for each aad pt 
n 1950, and estimated to be less than 1 for ev ery 100 by A ro 


from American colleges receiving Bachelors inoreaned 75%, 
and those receiving Masters increased 200%. The Doctors increased 340%, 
and the proportion of engineers and scientists to the total r receiving degrees is 
as being relatively constant. 

_ It is believed no artificial stimulus is needed to provide the number of 
required by our changing and expanding economy. 
a In recent months considerable hysteria has been manifested following the 
: launching of the first artificial satellite by the Russians. — There was quick” 
i political and public reaction. ~ Some recommended various types of subsidies — 4 
—t .°% for education and any means of getting larger numbers of young people enrolled — i 

_ to study engineering and science. . Numbers, particularly if augmented artifi- — 
= og ‘cially, will not materially : alter present conditions under which this country has 


reached the — standard of living ever attained. Quality rather 


rapidly by making, advanced study, and more » practicable 


" and attractive to those with special aptitudes. This, too, is being cae e aril 
by our free economy, in which and government have increased their 
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then. i In recent years researchers been given greater latitude 
to pursue knowledge for its own sake instead of being directed to the improve- 
a ment of products. tor bat ban bax 


‘nature the and advancement of mankind. As scientific discoveries 
have been made and incorporated into engineering practice, material things — 
been made to serve higher ends. at leotgoton 


WwW by should this gon be se by the atomic and hydrogen or 
well as evil. By their very they makes us think of wider areas, the 
_ 7 whole of mankind, ultimate values, and ultimate uses for betterment of human a 
welfare. Science and technology have always worked for beneficial applica- ; 

The alternative possibilities of recent technical and scientific advances 
re good and evil have been well stated by Edgar B. . Schieldrop of the University _ 

of Oslo, Norway, in a lecture before the Norwegian Engineering 


__ “Modern science and technology rouse in us all a confused mixture of 
4 fear and hope. We are forced again and again to face the question of the 


destiny of the human race in a future as yet only dimly conceived but 


elearly containing fantastic possibilities of good and evil.) 


eoite “Tt hardly needs saying that scientific and technical advances have a 
hy often been accepted as mixed blessings. What is new in our day is the 
2) widespread fear of advance as such. A persistent and universal fear of 
a 4 technical science has never before dominated our thoughts and emotions to. 
“We are afraid that the forces we ourselves have created will one day 
‘ destroy human life leaving our earth to drift on, a lifeless planet, through 
space. Even if our fears are exaggerated the nightmare i is huge enough to 
# retain its paralysing power, 


“It is a most disturbing fact that | the techniques ‘of peace have : always — 


al enough tosealourfateinthiscountry, | 

“The process began more than five hundred years ago with the roar of 
the first cannon. Nevertheless, the cannon with its cylinder-barrel, piston-_ ie 

, i projectile, explosive mixture and spark is an internal combustion engine. » 4 

= ith the invention of the cannon the technique of war thus entered <a 
_ -tmotor age five hundred years in advance of the technique of peace. Also 

4 then the voices were heard that are so familiar today. In 1687 a French — 
journal addressed a plea to engineers of all countries that they should not 


use gunpowder in the dreadful cannon that would surely sooner or ce 


in a state of phase displacement, and the time lag | has today grown large 


__ blow the whole world to pieces. The gunpowder should be taken out of | 
cannon and putto peacefuluse, 


“The problem is essentially the. same today only more complex, 


“One day i in 1919 the famous physicist, Ernest Rutherford, was carrying Be ot 

i: ‘out shooting experiments in his laboratory, shooting on a miniature scale. . 

_ -‘The particles he was using as projectiles were, to say the least, of small — “a 
: a calibre and the nitrogen atom he was aiming at was the tiniest target ever 


rx 


— 4 

cerned with the study of the forces of nature and the discovery of new knowl- 
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Ww rn on any shooting sail Strangely enough he scored a hit with the 
‘= depressing result that the nitrogen atom—in spite of ‘aad much advertised 
aj “So many things are broken to pieces in this world that an atom more © 
- orless should not seem to be of much significance. The end of that nitrogen bi 
could scarcely be feared to influence the fate of humanity. 
“wend “Only twenty-six years later, however, in 1945, the world was shaken > 
. _ another roar which proclaimed with dramatic force the beginning of a new 
epoch just as the roar of cannon had done in the fourteenth century. With 
- the Hiroshima bomb the technique of war entered its atomic age, once again — y 
in advance of the technique of peacen 
eee “To release the vast store of energy in the atom was not Rutherford’s , 7 
4 ‘primary aim. His was not the kind of research program that is carried — 
out on behalf of an industry or a special fund. Neither was he experi- 
_—_ aft _ menting with his atoms and particles as an expert of the Ministry of Fuel — 
ss - and Power. Rutherford was goaded on by the instinct of curiosity. He : 
wanted to find the answer to a question he had posed himself. Could the 
7 atom for all its supposed indivisibility be split? 
oad “The discoveries of science follow one upon the other because men are 
curious, eager for knowledge and gifted. In the wake of the primary dis- — 
‘tan coveries of science the technical advances follow more and more closely. a 
. te This has the character of an almost uncontrollable automatic process. | ad 
‘isa also an irreversible one because a true idea can never die. 
ee “At this critical stage we are bound to ask if the human race with ‘the 
power Techno-Science has placed in its hands really understands how 
ny eetahta it must be if the world is not to be plunged into a disaster  sur- 
_ “The outcome depends on self-control, unity of purpose and ethics ae G 
d ‘final decisive question emerges: Is the human race with all its qualities of 
-—nleeene spirit and genius on the one hend and its social and ethical © 
instincts on the other, really a species that has a chance of survival in its | 
“Should we not then—we men of. science and technology in. all coun- 
qu tries—make every effort to find the means to enable a team of the élite ie 
a minds among us to prepare a blueprint that in broad but concrete terms 
__» will show all mankind what a wonderful place could be made of this planet. | 
- At this dramatic juncture we should feel it to be our duty to prevent the 
a, world from making its momentous choice blindly. There is in fact an obli-— 
dys gation upon us to give to people of all nations a picture of the inspiring 
_ alternative offered by modern science and technology that can become a 
reality if the world isso resolved. OF 
ue _ _ “We scientists and technologists are in “duty bound to raise the banner 
* of hope and to hold it aloft as “ symbol of the world’s ever-dawning life.’ * 


7 8 ¥ _ The Executive Committee of the Norwegian Society of Engineers, i in making | 
copies of this lecture available to others, prepared a a co ndensed which 


“Modern science and technology have given man power over the forces _ 
ss Of nature, have given man the skill and knowledge to build and create, and 
” the world today seems faced with two alternatives for using this rw 
im i Toy and knowledge. The one alternative—that of war and destruction— _ 
is fairly well known by the general public as a result of numerous ~ awn 
and constant discussions. The terrible consequences which this alternative S 
represents are kept vividly alive in people’s minds. = 119 
_ “Presumably this acts as a kind of deterrent. But at. the same time it — 
has had the result that a constantly growing body of opinion in all coun- 
- tries points to the scientists and technicians as the guilty men. it is we 
ere, who have brought the world to the brink of boundless misfortune. 7 
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‘THE ENGINEER’S PLACE 


scientists the world over must see it 
as their duty—a duty to humanity and a debt they owe themselves—to | 
nine present i in some form or other a comprehensible picture of the other alterna-_ 
tive. +~It should be possible to present, soberly and realistically and yet in 
an interesting way, a picture of what modern technology and science could 
achieve within the framework of existing possibilities. In other =. 
' we should draft a blueprint of what we could do with this earth of ours if, _ 
as expressed in the lecture, ‘the world will give us the years that are left of a 
_ this frightened century for a nobly and constructively conceived expansion.’ 
In the profoundest sense this must also imply a moral appeal. — The 
perspectives which are opened up will stimulate hopes and thoughts and 
endeavors for a Ww vor purpose in the service of man. This ethical ape 


io ‘the United States there ~ in the as in 


- past, an atmosphere favorable to technological progress. So long as that is 
maintained I believe America will always be i in the forefront of technological de- 
_ velopments, and t! that will afford the greatest assurance of their utilization for 7 
techniques essential to keep this country in. in the ‘vanguard of technological 
progress, what are engineers and scientists doing to influence the use of ade 
_ developments toward beneficial ends and to acquaint the public of what tech-- 
- nology has contributed to better living? On this point the engineering pro- 
does not rate so high. Technology is not just a means of displacing 
hee it produces more things for all, with less labor and more relaxation for a 
a all. — In some « degree. the i impression ‘that e engineers and scientists have created 4 
"monsters they cannot control results from scientific aloofness from participa-_ 
tion in public a affairs. A recent poll of members of the American Society of 
Civil Engineers by Opinion Research, Inc., disclosed that only 10% of the 
g Society’ s members participates actively, and less than 50% participate at all, 
local, Civic, and community affairs. Yet engineering training deals with 
and their work is oe 
essential to the operation of our public economy. Their of 
a thinking and precise analysis promote intellectual integrity and make for truth 
in conscience, characteristics which can contribute to o community as | well as 
individual living. As a profession we are failing to accept and discharge ‘ual 
a ~The solution | of most engineering problems involves economic | ‘studies | of 
alternative methods. In 1929, engineering was described by Anson Marston, 


“Engineering projects begin as a dream; whether and when they ~~ | 
gress beyond that stage depends in many cases upon economic practicability _ 
and political expediency. Projects originally uneconomic may later be- 
_ come practical. There will always be a great many projects awaiting de- 


__ velopment—from which it is the Engineers responsibility to select “first 

Most civil engineering projects affect human welfare. ag 


wt 
a - Certainly, members of a profession trained to clear objective thinking, with 
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execution, and ingenuity made possible a development 
higher s standards of living. As engineers" fail to communicate to others the 
glamor of their professional work, they lose deserved recognition and onaell 
Our competitive economy the advances which make make it succeed are 
largely the result of engineering achievement. 
_ Where can engineering training and experience be better © utilised and | pro- 
_ duce greater results in the public interest than by participation | in meen affairs 


: ‘affairs along more or less restricted lines, but individual members are largely 
- taking their ir civic responsibilities and complaining about the status of engi- 
neers and the public relations: efforts of the Engineering Societies. Public re- | 
= lations are but the composite of many individual human relations. - The Engi 
7 neers J Joint Council (EJC) has recently adopted a concise definition of public — 
relations as: “Good Performance, publicly appreciated because adequately 
“other prt, “pub ” The first and last parts of that entiation, from which the “i 


It is an engineering to in public at all levels 
__ and to see to it that the public knows of the profession’s contributions. a oa 
that know ledge will develop a better a appreciation of the profession. _ si onde 
_ Technical progress recognizes no political boundaries. — Engineers have 
contributed toward the shrinkage of distances and space which has so vitally 


4 affected world-wide contacts and economics. Engineers w vith their analytical — 


~ approach to problems and their training in the evaluation of alternative pro- _ 
- cedures have a background valuable in directing into the best channels public _ 
expenditures both at home | and abroad. The activity of the EJC in its two 
reports on a ' “National Water Resources Policy” is illustrative of the application >. 
of technical study to governmental expenditures. Such contributions should 
be more frequent and eventually receive more consideration by the government. 4 
; ec: In summary it is believed technology can and will meet the challenges of the ae 
4 present and future; that the developments of science and engineering nel 
and will be devoted primarily to beneficial uses rather than to destruction; ¥ 
q - thet engineers should assume their responsibilities i in presenting | in understand- 
i able terms the great possibilities inherent i in utilization of our expanded tech- ~<. 
7 niques for humanitarian 1 ends; 2 and that en engineers should participate and thus 
- be recognized in public affairs rs 80 aS to guide in the programming of reece al 
_ Engineering and science have brought our civilization to its present stature. 7 
They h have a responsibility to <"agpaaaat in seeing to it that it is used for crea- 
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FREDERICK OHRT, HON. M. ASCE 
Maou 13, 1957 off Genie by the windy 
Ohrt, the son of Peter and Bessie. (Borba) Ohrt, was born on May 
28, 1889, in Spreckelsville, “Mani, Hawaii. After attending St. Louis College 
_ (Honolulu) and the University of ‘Oregon (Eugene), he was graduated from a 
Cornell University at Ithaca, N. Y, with a degree in civil engineering in 1911. 
In 1918 he attended the Harvard-M. L T. School for Health Officers in Cambridge, prea 
Mass. a In 1952 he received the degree of Doctor of Science from the University an 


| 


From 1912 to 1913 he was employed by. the Madeira-Mamore Railway in 
‘Bees. ‘When he ‘returned to Hawaii, he became resident — engineer of the 
-Waiahole Tunnel Project in Honolulu. In the period 1915 to 1917 h he 
held the offices of highway inspector and ‘sasistant city engineer. * His next term is 
of service was spent as ‘sanitary engineer for the Board of Health of the Terri- ’ ne 

of Hawaii, and from 1919 to 1923 he chiet engineer: of the city and 


In 19: 24 he joined the firm of Libby, MeNeill and Libby as chief engineer en- is 

gaged i in harbor development. on the island of Molokai. In 1925 Mr. Ohrt was ' 
appointed chief engineer for the Honolulu Sewer and Water Commission. 7 
From 1929 to 1952, when he retired to accept an appointment as a trustee of E the 
Estate of James Campbell (Honolulu), , he served as manager - and chief engi- 

_ ‘heer of the Board of Water Supply. From 1952 until his death, Mr. =: 

contributed greatly to the improvement and development of the Campbell estate’ 
land holdings, the second largest i in Hawaii. In his capacity : as civil engineer, 

4 he was responsible for the establishment of Honolulu’s interceptor sewer system . 
and the transformation of the city’s | water plant a and system from a series of 


if unrelated and inadequate ‘units into a a coordinated, efficient system. 2 
ye Mr. Ohrt was a member of the American Water Works Association and = 


and was a . past president of the. Reginewing Association of Hawaii; he was 7 
trustee of the Territorial Employees’ Retirement System from 1936 to 1945 en 
“Z and from 1948 to 1957; and he served as chairman of nt 
= and Pension Commission from 1946 to 1949. Mr. Ohrt 1 was a member of three 
: labor mediation boards; he was elected a delegate to the Hawaii State Constitu- — 
tional Convention in 1950; and he served on the Territorial Salary Standardiza- os 
& Board from 196) 1 to 1953. He took an active = in the Pacific Club, the . 


- = Mr. Ohrt was elected a Junior of the Society on February 6, 1912, an As- 
 sociate Member on October 8, 1918, and a Member on October 8, 1951. He 7 


was as elected an Honorary Member on June 12,195). 


Norg.—Complete have been filed in the Engineering Societies’ Library, 
Rios 29 West 39th Street, New York, N.Y., and are available for consultation. Many of these bs 
memoirs have been considerably’ abbreviated Mores in Transactiona. 

* Abstract of memoir prepared by Edward Morgan, M. ASCE. i = 
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ELMER ELLSWORTH ADAMS, ASCE 


and Lydia (Bennett) Adams, 
was born on May 10, 1883, in Brainard, Minn. He was graduated from the ¥ 


. University of Minnesota (Minneapolis) with the degree of Bachelor of Civil 


_Upon graduation Mr. Adams entered employ of the Great Northern 

= as instrumentman and head of party on the expansion of a branch 
- line in North Dakota. In 1907 he was assigned the position of office engineer a 
_ Seattle, Wash. . and was responsible for line improvements in that area. In — 
‘z 1921 Mr. Adams was appointed district | engineer at the Great Falls (Mont.) ‘ 


headquarters. — "When he was transferred to Spokane, Wash., in 1925, he took 
‘part in the construction of many main-line track relocation programs. Te 1932 


= was transferred to Seattle and, in 1939, to Duluth, Minn., as district engineer, a 
where he remained until his retirement in 1953. 


is During World Wer II he played an important role i in the i iron ore industry by — : 


Mr. Adams was 


1909 he was married ti to in ‘New York, N. ‘He is sur- 


acy aa was elected an Associate Member of the Society on April 7, 1915, ie 
and a Member on October 11, 1920. He became a Life Member in 1950. — was" 


BENJAMIN FRANKLIN DE BARROS BARRETO, AM. ‘ASCE? 


Benjamin Franklin de Barres Barreto, the son of Ignacio and ‘Maria ‘Thereza 
(Cave alcanti) de. Albuquerque de Barros Barreto, was born in Recife, Pernambuco, _ 
Brasil _in February 26, 1898. He was graduated from Cornell University | 
(Ithaca, N.Y.) in 1922 with the degree of Civil Engineer. 
Barros Barreto began his professional ‘career in northeastern Brazil, 
where he worked on drought projects. Following this he helped construct 4 
—_ and water-supply networks for the city of Fortaleza, Brazil. In Feb- . 
_-Tuary, 1925, he joined the | Hydroelectric Construction Department of the Sao 
Paulo (Brazil) Light Company, becoming superintendent of the Concessions 
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* Abstract of memoir prepared by Leonor B. Barros Barreto, a 


Para‘ba-Pirai 1926 he devoted much of his to 


a: the utilization of the hydraulic resources of the Paraiba Valley, a subject 
— 


Barros Barreto was President (1953-1956) of the Brazilian Section 
of the Society. He also held membership in the Engineering Institute of Sao (ee 
Paulo and the Engineering Club of Rio de Janeiro, 
_ In 1924 he was married to Leonor Cordeiro. He is survived by his widow; “4 q : 
eu two sons, Carlos Cordeiro and Claudio; and two daughters, Vera Maria and j es 


RAYMOND WENTWORTH BROOKS, A.M. ASCE* 


Raymond Wentworth Brooks, ‘the sc son John and Mande 
peril) ‘Brooks, was born on August 30, 1889, in Red Bank, N. J. He was 


4 _ graduated from the University of Illinois (Urbana) in 1911 with the degree of 


After preliminary 1 railroad experience, Mr. Brooks was associated (1915-__ 
=. with the Interstate Commerce Commission in Kansas City, Mo., as Chief f= 
of Roadway Party for the Bureau of Valuation. Following this he was em- ‘ 
ployed by the M Missouri State Highway Commission as project engineer on 
construction (1921-1928), and chief designer (1929-1942) in the 
‘Basses of Surveys and Plans at Jefferson City, Mo. From June, 1942, to 
_ December, 1 1942, he was chief specification engineer with th the Widmer Engineer- 
ce ing Company. . From 1943 to 1949 he worked for the ‘office of “the United 
j — ‘States Engineer, Corps of Engineers (United States Department of the Army), 

supervising final airfield installation plans. From 1949 until his ‘death, he was 
associated with the firm of Black & Veatch, , Consulting Engineers, of Kansas : 

‘Mr. Brooks was | ‘member of the Society of Professional 


a Kansas City. He was also a member i. the AF. & AM, a Shriner, 
On June 28, 1918, he was married to Nettie ‘Hester in El Paso, Tex. He 
Mr. Brooks was elected a Junior of the Society on January 2, 1912, ‘ond an oar 
Member on March 11, 1919. He became a Life Member in 1954. 


Mr. Barros Barreto collaborated on many company projects, including the 
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June 21, 1892, in Homer, N. He was Cornell University 


in ‘Ithaca (N.Y. ) with the degree of Bachelor of Science in civil. engineering in ' 


 ~—He was a captain in the Corps of Engineers, United States Army, al 
— World War I and retired from World War II with the rank of colonel == 


Among the various in the Corps at which he served were the fice 


(Hawaii), ‘Philadelphia (Pa. ), Memphis (Tenn. ), and Little Rock (Ark). 


_ Memphis, Mr. Burdick was chief of ‘operations during the 1937 flood on the 


_ Mississippi River and was in in direct charge of the flood fight at Cairo, Il. ‘4 


_ At the time of his retirement (1946), he was district engineer of the Little Rock 


al During most: of his | thirty years of service with the Corps, Mr. ‘Burdick — 
was actively engaged in the civil works program. — This interest caused him 
tore remain in Little Rock after retirement to be an consultant 
Burdick was member of the Little Rock Engineers’ the 

Arkansas Engineers’ Club, the National Society of Spetnenenel Engineers, the 

Rotary Club, and certain civic 

a May 10, 1942, at West Palm Beach, Fla., he was married t to Jewel T. 
Puckett. ‘He is survived by his widow; a daughter, Mary Jean (Mrs. 
A Dillahunty) ; a brother; a a sister; and ‘several | grandchildren. 


Mr. Burdick was elected | 


born on October 20, , 1904, in Eufaula, Okla. fe was from 
‘Texas | Agricultural and Mechanical College (College Station) with the degree ‘ 
_ of Bachelor of Science in civil engineering in 1926. 
gE _ After preliminary experience, he worked for the Texas Highway Department 


(1930-1939), R. W. Briggs and Company (1939-1946), and, later (1946-April, a 


1 Abstract of memoir prepared by Charles A. Long, 
_-~—«- Abstract of memoir prepared by Francis M. Davis, “Mance R. Mitchell, and Willard 
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(1949-1956), and a ‘director i in the Nat 


of. 


- Mr. Chipley was a member of numerous engineering societies and of the 


Texas Society of the Sons of the American Revolution. He was a director in _ 
The Aggie Club, a steward in the Alamo Heights Methadias Church, and an ar- 

dent student of the history of the American fi frontier. 
Mr, Chipley rendered memorable service to the San Antonio Branch of te 
‘Texas Section of the Society in helping to promote student interest and d partici- 

pation in all professional activities, both social and technical. Udi 
On December (17, 1939, at Stephenville, ‘Tex, he was married to Lucile 


- Hearon. He is survived by his widow and three daughters, Nan Elizabeth, Sue = 
On February 15, 1937, Mr. _ Chipley was elected an Associate Member of the 7 


od al te 


LOTEROP CROSBY, AM. 


be Lothrop Crosby, the son of Benjamin Lincoln and Carrie Elizabeth Lothrop — 


(Ames) Crosby, was born on March | 30, 1883, in Bismarck, N. Dak. He was” 
graduated from the Sheffield Scientific School of Yale University, New Haven, : 
a Conn., with the degree of Bachelor of of Philosophy i in Mining Engineering in 1904. : 

After graduation Mr. Crosby was employed by the United States Reclama- 

tion Service, the Northern Pacific Railway, ond Lyman E. Bishop, consulting 
“civil and hydraulic engineer of Denver, Colo. After serving as chief engineer ae ; 
a for the Idaho Irrigation Company of Richfield, Idaho, he entered private 1 
practice for a short time as an irrigation consultant. ie 
‘His employment with the City of Tacoma (Wash.) Water Division began 


¢ in 1923. He became supervisor of the construction and development of the 
Green River gravity water system, and he was chief assistant to the su 
_tendent « of the division in the development of the city’ s well system. eee gary 
_ Mr. Crosby served in World War I as a first lieutenant and was active in as 
was President of the te 


fraternal, civic, and professional societies. ‘He wa President of th 


June 21, 1906, he married to Annalaura Terrel in St. 


Abstract of memoir prepared by Willibald A. Kunigk, M. ASCE, 
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Arthur Donald Edmonston, the son of Donald and Margaret (MeCombie) 
Edmonston, was | born o on November 12, 1886, in Ferndale, Calif. He was 


graduated from Stanford University (Calif.) with the degree of Bachelor of Al 
Arts i in Civil Engineering in 1910. al In a 


f es During the first fourteen years of his engineering career, he was employed on u 
a the location, design, and construetion of irrigation, hydroelectric, and municipal 


Water projects in California, | with time out to serve as a second lieutenant of — 
Engineers in World War I. War, past, ben. 
‘Hee entered | the service of the state of California i in 1924 and soon Qivefier 

became deputy state engineer in charge of investigations s of the state water 
_ resources. In 1945 he became assistant state engineer and, in 1950, state engi- 
“heer, in charge of water-resourees developments, water rights, safety of > ill 


quality, flood control, and beach ‘erosion. As state engineer he wasamem- 


vived his widow; two sons, Robert M. and Donald A.; a sister; nde a brother. — 


Mr. Edmonston was elected an Associate Member of the Society on Septem- 
ber 10, 1918, and a } a Member on October 16, 1944, _ He became a Life Member 4 


_OLAF JOHN 8. ELLINGSON, AM. ASCE? 


ee Olaf John 8. ‘Ellingson, the son of ‘Elling A. and Christi Ellingson, 


on March 31, 1884, in McPherson, Kans. He was graduated from 
University of Texas (Austin) in 1906 with the degree of Bachelor of Science 

In 1908 he became tow the Midland Bridge Company 

of Kansas City, Mo. In 1915 he was city engineer for Sherman, Tex., until — 


1916 when h ted hich h 
when he was appointed city ‘manager, inw Ww hich capacity he served 


1 Abstract of by Gerald H. Jones, Percy H. Van Etten, and Thomas 
B. Waddell, Members, ASCE. 
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4 fessional and honorary societies. He retired on November 2, 
Edmonston was largely responsible for the formulation of the State 
a _ Water Plan of 1931, including the Central Valley project, and originated and 
directed the studies for the California Water Plan. He also conceived and 
_ directed the planning of the Feather River Project. 
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“of construction. After he general in 1935, Eilling- 


was also responsible f for the first automobile license-plate plant in Texas being a 
built at the system’s main unit in Huntsville, 
- During World War II he worked for the War Production Board in San 
"Antonio, Tex. - From 1945 to 1950 he served as city manager of Brownsville, 


‘of many other professional and civic organizations. He was a 32nd 
Mason and a member of the Presbyterian Church. nF 
On October 30, 1912, Mr. Ellingson was married to Enid Smith. He is sur- 
in by his widow; two vO sons, Jack and Eugene A.; and three grandchildren. : 
‘He was elected an Associate Member of the Society on October 29, 1912, and 57 


aoiaivib Dm January 20, 1958 bovom of 


Farley | Gannett, son of Henry (Chase) Gannett, was born in 
i WwW ashington, D.C., on May 6, 1880. He was graduated from the Massachusetts 7 
4 Institute of Technology (Cambridge) with the degree of Bachelor of Science in 
img From 1905 to 1915 he served as chief engineer of the Water Supply ( Com-— 
mission of Pennsylvania, and in 1915 organized the firm of Gannett, Seelye, 
Fleming, which became the firm of Gannett, Fleming, Corddry, and Car- 
ig ‘Me penter. At the time of his death he was chairman of the Board of Directors kK 
‘The record of Mr. Gannett’s accomplishments is synonymous with the engi- 


| Gannett was a member of the American Road Builders Association; 
the American Water “Works Association; the Pennsylvania Society of Profes- 


_ sional Engineers; the Engineers Society of Pennsylvania; the Cosmos Club of 7 
a ‘Washington, D.C.; the Beaufort Hunt Club of Harrisburg, Pa.; ; and he was a an 
director of the Rock Salt Company in Myers, N.Y. 
ite June 14, 1905, he was married to Janet Rand Sanders in Haverhill, Mass. —_ 

He is survived by his widow; three daughters, Muriel (Mrs. William R. Jones), 
(Mrs. Gannett and Alice (Mrs. George R. Booth); a sister; 
seven grandchildren; and two great- grandchildren. iw 

‘Mr. Gannett was elected an Associate Member | of the Society on April 

1906, and a Member on May 15, 1917. He became a Life Member in 1955, 
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‘born on July 5, 1883, in Peoria, I. was graduated from State 
College (Ames) with the degree of Civil Engineer i in 1908. = 


a. an undergraduate, he served an apprenticeship with the Rock Island 
and Pacific Railroad and after graduation began his railroading career > 
- the Union Pacific Railroad. In J une, 1909, he entered the service of the South- — 
ern Pacific Railroad in Sacramento, Calif., as a draftsman and assistant engi- 
neer. In October, 1 1910, he became assistant division engineer of the he Sacramento 


= In June, 1917, Mr. Given entered the United States Army as pei 
a December, 1918, he returned to the Southern Pacific Railroad as division 

engineer of the Shasta Division in Dunsmuir, Calif. In November, 1937, Mr. 
Given became district engineer and acted as the representative of the railroad 
in connection | with the relocation of the San Francisco-Portland main line. 
In ‘April, 1943, he moved to San Francisco, Calif., where, as location division 

he engaged i in surveys for line changes. | 

After his retirement in February, 1947, he became a consultant to oak 
Corps of Engineers, United States Department of the Army. ~~ g 

On April 23, 191, he was married to Eva Cecil in Secramento, 
is survived by his widow. ts 


a Mr. Given was elected a Member of the Society on July 9 108. He be- a 


a 


Allen Storr Hackett, the son of John Alexander and Anna (Storr) Hackett 
was born on May 30, 1880, in Shreveport, La. He was graduated from Tulane a 


Gael at New Orleans, La., in 1903 with the degree of Bachelor of Engi- 
neering i wobiw eit bovivewa ai oH 
From 1903 to 1904 he engaged in railroad location, construction, and main- 
. tenance with the Southern Pacific Railroad in Texas and the New Orleans and 4 
Northeastern ‘Railroad in. Mississippi. He later became associated with Vac-— 


— 


L Abstract of memoir prepared by William F. Turner, M. ASCE. 
~ Abstract of memoir prepared by Charles M. A Anca, 
Jr., and Allan T. M. ASCE. 
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as as location and construction en; engineer. Mick. h se 
. be During World War I he served in the 23rd Regiment of Engineers in the a: 
United Stat States Army in France with the rank of captain. . After t the war math 
he and a partner, Marcel Garsaud, engaged in general contracting. 
4 1927, with the late George A. Hero, he organized the New Orleans-Gretna a - 
- Company and ‘sponsored the construction of a bridge across the Mississippi — 7 
using his patented spiral approach. beet) 
Ws Mr. Hackett was president of the Louisiana Engineering Society in 1936, , 
‘In 1916 he was married to Madeleine Bourne of Cleveland, Ohio. He is y 
"survived by his widow; a son, Richard A.; four daughters, Betsey (ira. Albert 
. Paterson, Jr.), Mary (Mrs. Harold V. Cummings), Ruth (Mrs. John C. 
_ East), and Jane (Mrs. Edward P; Munson, Jr.); a sister; and two brothers. 
j . Mr. Hackett was elected a Member of the Society on May 12, 1930. He 


became a Life Member in 1955. 
q@BORGE FOSTER HARLEY, M. ASCE: 


George Foster Harley, the son of James Alexander and A Anne (Toombs 
ty 


Pierce) Harley, was born on January | 6, 1875, in Sparta, Ga. He attended — 7) 
| Mereer University, Macon, Ga., and was graduated from George ——— 
‘University, Washington, D.C., with a degree in civil engineering in June, 1907. 
he. From 1903 to 1905 he worked for the United States Geological Survey, ss 4s 
and from 1906 to 1907, for the United States Bureau of Reclamation. From 
: sf to 1911 he was employed by J. G. White & Company of New York (N.Y. 
a From 1911 to 1931 he was associated with Stone and Webster of Boston (Mass. )- 
New York as superintendent of construction and as district engineer, 
_ In 1933 Mr. Harley became senior engineer in the Power Division of the 
i ‘4 United States Publie Works Administration in Washington. In 1939 he n moved 
fe a Austin (Tex.) to undertake construction for the Lower Colorado River — 
thority. In 1941 he became regional director of the United States War Public 
Works Eighth Region in Fort Worth (Tex.). He then served as regional con- 
sulting engineer until his retirement in 1945, 
Harley was a member of Sigma Nu and of St. Peter’s Episcopal Church 
On April 16, 1917, he was married to Roberta Slade in Columbus, Ga . He 


am 1911, ona a Member on April 13, 1942. He became a Life Member in 1948, 
— 


Abstract of memoir prepared by Uel Stephens, M. ASCE, 
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eG Carl Hinshaw, the son of William and Anna (Williams) Hinshaw, was born — 
on J uly 28, 1894, in Chicago, Ill. He was graduated from Princeton University, e | 

in Princeton (N. J.) as a civil engineer in 1916. He received the degree of a 

‘Master of Business Administration in 1917 from the University of Miskigan 5 
After service captain ithe’ ‘United ‘States Army, employment as a 

: - laborer, and experience in various managerial capacities, Mr. Hinshaw entered 

a - investment-banking field (1927). In 1929 he ‘moved to. Pasadena, Calif., 

and entered the real estate and i insurance business. In 1934, as president of the — 

Pasadena Realty Board, he spearheaded the construction of the Arroyo Seco 

Parkway of Los Angeles (Calif.) County. Were 

_-In 1938 Mr. Hinshaw was elected to the Seventy- -Sixth Congress and re-— 
elected to ) succeeding Congresses from the Twentieth Congressional District until 

his death. He received the Citation of Honor from the Air Force Association 

(1948) and the Wright Brothers Memorial Trophy from the National Aeronautic — 


ome Hinshaw was a member or of numerous professional and scientific societies — 
an adviser to the Radio Technical Commission for Aeronautics, director of 
the National Aeronautic Association, and president of the Aero Club of =e 

pe On January 1932, Mr. Hinshaw was married to Wilberta Ripley. His 

“first 1 wife, Helen Veeder, died d in 1929. ‘ He is survived by his widow and two 

He was elected an Associate Member of Society on ‘September 13, 1943, 


inf. fetiotS add Yo yes of al . 


unt, the son of Charles P. and Anna (Sinclair) Hunt, a 
was born on October 10 ponent in Jackson, Mich. He was graduated from 


 Aftes graduation, Mr. Hunt was employed as resident ‘engineer by tl the Fargo 


Engineering Company of ‘Jackson. ‘From - 1910 to 1913, after taking» 


Abstract of memoir by Frank L. Weaver, M. ASCE. 
2 Abstract of memoir prepared by — A. Hunt, A.M. —. 
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the company, he served as of construction for the Eastern 
ign ‘SS Power Company in Grand Rapids, Mich. In 1913 he was employed 
4 by the Detroit (Mich.) Edison ‘Company. In 1914 Mr. Hunt returned to the 
ae Fargo Engineering Company ¢ as a member of the firm. He became its presi- 
dent in 1925 and continued in that capacity until hisdeathe 
-During his lifetime he helped design and construct more than forty hydro- 
electric plants. _ As a result of his extensive e experience in the power and river- 
7 development fields, he served as a consultant to the Tulsa (Okla.) and Vicksburg — : 
pe _ (Miss.) distrie districts of the Corps of of Engineers (United S States Department of the 
_ Army), as well as to the Tennessee Valley _ Authority, the Lower Colorado 
ye River Authority of Texas, and the Central Nebraska Public Power and Irrigation 
district. During World War I he was director conservation for or Michigan 


_ Mr. Hunt was a member of many professional tind civie : organizations, as 
as of St. Paul’s Episcopal Church of Jackson. mee oa) 
om On June 20, 1912, Mr. Hunt was married to Mary Cecile Alden in Grand 
Rapids. . He is survived by his widow; two sons, Horace S., Jr., and Charles . 
AG daughter, ‘Florence (Mrs. ‘Burdette ‘Peterson) ; Ceother; and” seven 
* Mr. Hunt = as elected a an " Reeaitate Member of the ‘Society on October 7 
—:1914, and a Member on April 14, 1919. He became a Life Member in 1949. 


JOSEPH MAURICE KANE, A.M. ASCE: , 


4 Janvary 23,1957 

7 Joseph Maurice Kane, the son of James and Jane (Jones) Kane, was born 


‘in Genoa, Nev., on ‘April 29, 1892. was graduated from the University — 

of California (Berkeley) with the degree of Bachelor of Science in | engineering 
— oe After service ‘in ‘the United States Army (World War I), Mr. Kane was 7 
; ~ employed as a draftsman and testing engineer with the Nevada “or hol 
ie of Highways in Carson City, Nev. He subsequently became chi chief testing engi- 

‘eer, chief draftsman, and office ¢ engineer for this department. 

Nevada in 1927, Mr. Kane worked for the California Division 


‘served as a model for and an extensive ref- 
erence for state and federal agencies for more than a quarter of a century. 
Kane was cited (1949) by ‘the American Association of State Highway 
Officials for his accomplishments in highway engineering. Daring his twenty-_ 
_ year career with the California division, he supervised the the preparation of 4 
1 Abstract of memoir prepared by Richard H. Wilson, ASCE, Richard R. Norto 
ant Béwia Ww. Associate Members, ASCE. 
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He retired (1956) as assistant office engineer in the 
- On Angust 2 26, 1927, at Sacramento, Calif,, , he was married t to Doris ‘Thomas 
Kane. He is survived by his widow and two sisters. omal 


On August 31, 1925, Mr. Kane was elected an Associate Member of the 


PAUL CAGE KLYCE, AM. ASCE’ 


Paul Cage Klyce, the son of William Henry and Mary Elizabeth (Winniford) — 
Klyce, was born in Woodbury, Tenn., on August 4, 1897. He received the 
: a degrees of Bachelor of Arts (1920) and Bachelor of ‘Engineering (1921) from 
Vanderbilt University in Nashville (Tenn. te 
‘Mr. Klyce’s early experience included employment as resident engineer on 
_ the design and construction of municipal projects, consulting engineer, test | 


4 
engineer, and assistant engineer on road construction. Between 1 1929 and q 


1933, he was city engineer for Laurel, Miss. — For 1 more | ‘sa twenty years (1933— " ¥ 
_ 1956) he served as office engineer in the ‘Maps and Surveys | Branch of the Water a 


Control Planning Division of the Tennessee ‘Valley Authority - in n Chattanooga. — q 
_ Among the various professional and civic groups in which he was a member _ 7 fF 
are t the American Society of Manicipel- Engineers, the American Road ~eree ll a 


October 22, 1925, at Biloxi, Miss., ‘Mr. Klyce was married to 


Proctor Fleming. He is survived by : a . son, Paul C.; a daughter, , Mary (Mrs. z: t 
Robert G. Isibel) ; two brothers ; a sister; and two grandchildren. = sal). 

Mr. Klyce was elected a Junior of the Society on 1926, and an 
Associate Member on June 7, 192 wre 


manent Talbot Knapp, the s son of Herman and Almira S. (Talbot) Knapp, 


s Institute of te of Technology. (Cambridge) with the degree of Bachelor 


of memoir prepared by Henry Peeples, M. ASCE, and Robert H. Nagel, 
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as an instructor and became professor of hydraulic engi- 
< ~ neering. _ His interest in research ch and in a wide range of subjects in in | the » field of of — 
hydraulics was reflected in numerous publications. During his many ‘produc- — 
tive years he was responsible for developing the Hydrodynamics, Hydraulic 
and Hydraulic Structures Laboratories of the Institute. Many of 
= his experimental techniques and devices have been adopted by the engineering 
Mr. Knapp also served | ‘as a consultant on many civic and governmental ey 
Ke projects, including the Colorado River aqueduct “(California) and 
Grand Coulee Dam (Washington). During W World War II he was a 
to the War ‘Department. He received the United States Navy Bureau of 

_ Ordnance Development Award for his outstanding work on torpedoes and other 
underwater ordnance for the Office of Scientific Research and Development. 
In 


— 


a ee ‘Mr. Knapp was a member of many ; professional and honorary ‘societies. 


a. he was the James Clayton Lecturer on Cavitation for the Institution of _ 
Mechanical Engineers of London. was ‘the National Lecturer on Cavitation 
A for the American Society of Mechanical Engineers (of which he was ‘a member) an 
in the period from 1953 to 1955; he was awarded the ASME Melville Medal in 
for one of his many significant papers on cavitation. 
re ~~ On June 14, 1925, Mr. Knapp was married to Pearl M. Gilliland in Los RS 


Angele, Calif. He is survived by his widow anda nephew. 


Mr. “Knapp was elected a Member of the > Society on November 38, 1935. 


Saul the son of Gertrude (A.) Landman, was” born 


of memoir prepared by Gene M. Ww ilhoite and Robert H. Nagel, Associate 
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i" in Boston and was graduated from Northeastern University (Boston) with the —— ~ 
degree of Bachelor of Science in civil engineering in 1942, — 
[Immediately following graduation, Mr. Landman joined the Tennessee Valley 
Authority in Chattanooga, where he worked in surveying and topographic 
. |= mapping. He served in the United States Army from July 9, 1943, to February a - 
q 19, 1946, after which he returned to the TVA. 
a 
ima 


—" 


~ by a Karen; a son, “Mark; ma > 
Mr. was elected a Junior of the Society on October 19, 1942. 


Thom as R. Lawson, the son of J Joseph and | Sarah (Brice) Lawson, was born 


im Wheeling, W. Va., on December 24, 1872. He was graduated from Rens 
selaer casa Institute (Troy, N.Y.) with the degree in civil engineering 
In 1898 he accepted the position as instructor in mechanics at Rensselaer 
: Polytechnic Institute, becoming assistant pear! in 1903 and associate pro- 
fessor in 1906, 1909 Mr. _ Lawson was professor of Rational 
and Technical Mechanics, ‘and became Head of the Department of Civil he 
a neering in 1921, which position he held until his retirement in 1939. ca j 
\ oa r: Mr. Lawson was a member of Sigma Xi and Tau ‘Beta Pi. . He was active 
yl in the Rotary, Club, the Vocal Society, and the Chamber of Commerce of Troy. 
_ -—He was a president of the American Society for Testing Materials, the Clay 
Products Institute of America, the Society of Engineers of Eastern New York. — 
also a ‘a member of the American Welding Society, the ‘American a 
_ Conerete Institute, the New York Society of Professional Engineers, the Na- 
. ot Bein Society of | Professional Engineers, and the Society for the Advancement — 
of Science. In addition to his professional activities, Mr. Lawson also found g 
_ time to write many books and articles of interest to the profession eae > 
" a On August 23, 1899, he was married to Mary A. A. Lawrence of of Cohoes, NY. | 
He is survived by his widow and two daughters. 
_ Mr. Lawson was elected an Associate Member of the Society on June -: 
— 1903, and a Me Member on January 3, of He ‘became a Life Member in 1938. - 


< 
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Edwin Andrew MecDougle, ‘the son of W. and Sarah (Arthur) -MeDougle, 

was born o on December 3, 1905, at Black Mountain, N.C. 


1 Abstract of memoir prepared by “Nancy, Greer cer. 
Abstract of memotr prepared by William D. Painter, A.M. ASCE. 
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on ay y construction for the North Carolina Highway | Commission. 
1928 to 1933 he was employed by the Iowa State Highway Commission. In iS 
Mr. McDougle joined ‘the Tennessee Valley Authority, where he assisted 
on many hydroelectric projects, including Wheeler Dam, Pickwick Dam, Chicks 
mauga Dam, Watts Bar Dam, and Fontana Dam. - From 1944 to 1947 he — 

; employed t by the Tennessee Eastman Company a as personnel s supervisor, and in 7 24 
1947 he returned to the TVA. As general materials engineer for the Division 
of Construction, he planned and directed the central materials testing laboratory — 

Mr. MeDougle was a talented vocalist ‘and sang in Methodist Church 
‘ile he resided. _In addition to music he enjoyed fishing, golfing, and hiking. 
i. On J anuary 98, 1928, Mr. McDougle w. was married to Mary Lou Glascoe. ‘He 


iss survived by his widow and three sons, Warren Ray, James Thomas, and Edt 


Mr. MeDougle was elected an an Associate Member of the Society on une 


hes CLYDE MYERS,M.ASCE* 


De Diep FEBRUARY 4, 1957 wohiw aid a 


Clyde Myers, the son of Marion Bird and Cordelia "Antoinette (Combs) 


was born on 10, 1884, in Pullman, Wash. He was 


"engineering in 1916, and | Civil Engineer | in 1 1933. 


_—s He was city engineer for Pullman from 1916 to 1917 and again in 1921. 
: Mr. ‘Myers served in the Corps of Engineers, United States Department of | the a 
Army, during World War I. In 1928 he became head of the engineering - de- ~ 
partment at Phoenix College, Ariz. From World War II to the Korean 
—eonflict, he assisted many governmental programs. F From 1947 to 1956 he 
é worked for the city of Phoenix, the state of Arizona, and Maricopa County. 
wi 1937 he became president of the Phoenix Chapter of the Rerorsuneall 
P Association of Engineers, and in 1938 he was elected president of the Arizona 
Section of the Soniaty. _ He was also a member of the Arizona Society of 
On August 20, 1911, Mr. Myers wa was married to Dora Jeannette Jensen in 
a Sprague, Wash. He is survived by his widow ; two daughters, Dora a . 
= and Martha May Glauthier; a son, Harold Combs; three | brothers; two 


| 
— 

— 

| 

— 

| 

— 

q — 

— 

— 

4 

‘ 
— 

7 ~~ 

— 
— 

— 

4 

| — 
— 

=i 

| 

| 

— 

_ 


r 


; 
ALDEN GALLUP ROACH, M. ASCE: 


Alden Gallup the son of Harry and Mary (Gallup) | Roach, 


versity of Tlinois (Urbana) with a in vil engineering in 1923, 

After being employed by the Union Pacific and Missouri Pacific Railroads, 

_ Mr. Roach began his career in the steel industry with the Laclede Steel Company 
al of Alton, Th. In 1927 he moved to California, where he became associated with | 
Union Tron | orks of Los Angeles, 1 which, in 1 1929, became the Consolidated 
4 Steel Corporation. In 1934 he was named vice- e-president i in charges of sales and 
engineering. In 1938 he became a director of the corporation and then ex- 
ecutive vice-president. In 1941 he was: elected president, in which capacity 
he served until 1955. In 1948 he also became president of the Columbia Steel 
Company, which, 1953, became the Columbia- Geneva Steel Division of 
Mr. Roach was an officer and a member of many professional, civic, and 

oe On March 26, 1956, he was married to Genevieve Dudley. He is ated = 
by his widow; a son, Alden G. Roach, Jr.; two daughters, Judith (Mrs. Michael 


and Jennifer; three brothers; and two sisters. 


Mr. Roach v was elected a Junior of the ‘Society - on December 15, 1924, an 
P = iq Associate Member on December 3, 1928, and a Member on July 10,1940. 4 
& DELBERT WALTON ROBINSON, M. ASCE? 4 


vg Delbert Walton Robinson, the son of Burt Lloyd ci Etta (Walton) Robin- 


‘son, born on July 7, li 1899, in Buffalo Center, Iowa. He was graduated 
from the State University of Iowa (Iowa City) with the degree of Bachelor 
of Science in civil engineering in 1925, tay foo wat oan 
Immediately after gra aduation Mr. Robinson became associated with the 
| consulting: firm of Malcolm Pirnie in Florida, From 1925 to 1928 he represented - 
firm as resident engineer supervising the installation of the waterworks — 
system in the city y of Palm Beach (Fla.) and adjacent sn small towns. 
oe: 1929 Mr. Robinson joined the Texas-Louisiana Power Company (later 
known as the ‘Community Public Service Company) with headquarters in Fort 
s orth, Tex. As chief water and gas” engineer he designed and supervised the 


= + Abstract of memoir prepared by the Columbia-Geneva Steel Public Relations Division 
the United States Steel Corporation. 
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cities in Texas, Louisiens, Alabama, ‘nd New Mexico. In addition, 


oe J. Rady & ‘of Fort Worth. the period from 1953 to 


he was design engineer on water and sewer projects. 


eat: In spite of an extremely busy work schedule, Mr. Robinson found time ee 


professional society activities. served as President (1948) of the 
Worth Chapter of the Society, and as (1941) of the Southwest Water- 
me: November 9, 1927, he 


Palm] Beach, Fla. He is ‘survived by his dangers, J oy 


pa Mr. Robinson was elected an Associate Member of the Society on | 

1936, and a on 10, 


‘Harry Stanley Rogers, the son of Samuel and (Hall) ‘Rogers, w 
in Detroit, Mich., on August ' 7, 1890. was graduated from the Uni- 
versity of ‘Wyoming (Laramie) with | the ‘degree of Bachelor | of Science in 


He subsequently the degrees of Doctor of Seience in (North- 


“eastern University, Boston, Mass.), Doctor of Laws ji in 1942 (University of 


= Wyoming), and Doctor of Engineering in 1950 (Rensselaer Polytechnic Insti ‘ x 


ES Upon graduation he served as instructor at the Universities of Iowa (low 
Washington (Seattle), and at Lafayette College (Easton, 
Pa.). ‘In 1919 he became designing engineer with the Truscon Steel Company. 
(Youngstown, Ohio) but returned to education in 1920. as professor 0 
-draulics and irrigation engineering at Oregon State College (Corvallis) In 
“ 1927 he was appointed dean of engineering at Oregon ‘State College, and in 
1928, director of the college’s Engineering Station. In 1933 
3 accepted the appointment of president of the Polytechnic | Institute of 

lyn (N. osition he held until his death. 


4 


Society, of Mechanical the American Society for reeri 
‘receiving the ASEE Lamme Award on June 25, 1953. He 
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ig W orld Wor II he served the Gaiee of Production Management, the War 


Board, and received the President’s Certificate of Merit for his 


On August 29, 1916, he was married to Grace Larsen in Rock Springs, 
Ni, Wass “He is survived by his widow; a son, Robert Hall; a sister; and a brother 


v 


of Bachelor of Engi 


in Ill. From 1910 to 1913 he was employed by by the Us United 
‘States Department of Agriculture as a drainage e engineer. 
In 1914 Mr. Schlick joined the Engineering Experiment Station of Iowa 


State College as a drainage engineer, afterwards a civil engineer in 4 
4 


Py ‘tions as well as t | the First Methodist of Ames. 


Member on 6, 1920. He became a Life Member i in 1953. 


was born in Fredonia, Kans, on December 24, 1898, 
a a After service in the United States Army during World War I, he was ap- 


pointed assistant county engineer for Wilson County, ‘Kans., from 1925 
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1929. | From 1929 to 1943, Mr. ‘Shafer was a nanociated with the engineering staff at 


re of the Kansas State Highway Commission | as resident engineer in charge of 
____- surveys and construction for several highway and bridge projects. he During World © 
= II, Mr. Shafer served with the United States Navy as a construction engineer — 
oa in the 60th Battalion Seabees. Following this, he was again engaged as a civil 
sae by the Kansas State Highway Commission in which he served for five 
years. In 1950 Mr. Shafer and Philip x. Kline formed the partnership « 
‘Shafer and Kline at Overland Park, Kans. W, 
Mr. Shafer was a member of the Kansas Engineering thie National 
Society of Professional Engineers, the Overland Park Presbyterian Church, the 
‘Dwight Cowles Post of the American Legion, ¢ and the Overland Park Masonic 
wary On December 8, 1923, in Chicago, he was married to Louise L. Jackson 
of Lecompton, , Kans. He is is survived by his widow; two daughters, Mrs. ‘Robert | 
i Wyss and Mrs. Robert Tompson; a son, William I.; and eleven grandchildren. Bn, 
Mr. —s was elected an Associate Member of the Society on July 11, 1938. ‘a 
men on Shifrin, | the son of Jacob and Sadie Shifrin, was born in St. Louis, 
4 Mo., on April 14, 1892. _ He was graduated from Washington University (St. ~< 
¥ Louis) in 1913 with the degree of Bachelor of Science in civil e engineering. livts 


Mr. Shifrin began his professional career in as an engineer on the 


as a ‘mend and first lieutenant. From 1919 to 1922, ne’ was employed by the a é 
city of St. Louis as engineer 0 on sewer design in the Department of the President or 
of the Board of Public Service. From 1922 to 1933, he was: assistant | chief Fe 
engineer of | the Department of Sewers and Paving. In 1933 Mr. Shifrin, 
together with W. W. Horner, formed the firm of Horner & ; Shifrin, specializing — 
‘ in airport p plan and design and in 1 general n municipal engineering. Pnrgareny? the 
Mr. Shifrin was a member of numerous professional societies and of the 
_ Chamber of Commerce of East St. Louis. At time of his death, he ‘was 
a director of the St. Louis Metropolitan Chamber and president of the YMHA- 
_ YWHA and the Jewish Community Centers Association. on. He served | as chairman 
In 1932 Mr. Shifrin was married to Helen Goodman. ‘He is survived by 
his widow; a son, Walter G.; and a daughter, ‘Jean. 
7 _ Mr. Shifrin was elected an Associate Member of the Society on ‘Angust 14, 
J 


4, 


1 Abstract of memoir prepared by Erwin E. Bloss, M 
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e of Bachelor of Science a 


civil engineering in 1928, the in ‘Professional atonal Unginewing 


Mr. Stewart’s initial engineering experience was in hydrographic coon 
with the Coast and Geodetic (United States of 


Philippine Islands as a surveyor, and in 1923 he a hailing: construc- 
4 tion foreman for a firm in Albion (Mich. Bid In 1924 he was chief of party - } 
- the Michigan State Highway Department for six months. In that year he was E. 
appointed to the civil engineering staff at Iowa State College, where he sub- _ 


te sequently became a full professor and head of the department in 1938, From a 


1935 to 1938 he was also the first full-time e engineering personnel ‘officer at the a : 4 
 eollege. From July, 1946, to March, 1947, Mr. Stewart was acting comm 


Noes In addition to his professorial duties, Mr. Stewart participated in many — 
professional, civic, and honorary organizations. He was secretary- treasurer — 
of the Iowa Section of the Society from 1940 to 1957, and chairman of the 


engineering division of the American Society for Engineering 
4 in 1948 and 1949. He was s also a member of tl the national council of the 4SEE = 


a In 1922 he was married to Gladys Comfort of Kosevisko, Miss. He is 
‘survived by his widow and a daughter, Lois Ann,” = 


_ _Mr. Stewart was elected an Associate Member of the Society on March 11, 
1929, and a Member on May 19, 1941. 


WALTER PEARCE STINE, M. ASCE aalq, 

* att Walter Pearce Stine, of J oseph and Christine (Pearce) 
_ Stine, was born in Grand Haven, Mich., on April 2, 1883. He was graduated — 
from the University of Michigan (Ann Arbor) in June, 1904, 


— 


of Bachelor of Science in civil oo ba 


Abstract of memoir prepared by Cornie L. Hulsbos, A.M. ASCE. 
Abstract of memoir prepared by A. Barr, M. ASCE. 4 
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ato his Mr. ‘Stine took a position : as engineer 
_ the Panama Canal, and the following year he became Director of Public Works — 
for the Republic of Panama. ‘Her returned to the United States s in 1912 ~ 
established a practice in Beaumont (Tex.) In 1913 Mr. Stine was employed 
ne by the Gulf Oil Corporation. In 1917 he went to Tampico, Mexico, on = 
assignment, , and after its he returned ed the Houston (Tex.) office 
<a where he served until 1924. At this time he was made an assistant division ea 
superintendent and assigned ‘to the Coastal Division in Beaumont. From a P 
until his retirement in 1945, Mr. ‘Stine was superintendent « of the division. | After — 
a retirement he again engaged in private practice ‘until his death. ae Ae ah 
_ ~ Mr. Stine was a member of numerous professional societies ‘and was one a 
the organizers 0 of the Southeast Branch of the Texas Section on of th the Society, 
in which he served frequently as a director. Mr. Stine was also a member of the 
Church of Beaumont and the Knights of Pythias 
On September 28, 1905, he was married to Ethel Looker of . Ann Arbor. 


4 He is survived by his widow; two sons, Walter Douglas and Joe Carl; two 


daughters, Ruth Winifred and Dorothy Pearce; and five grandchildren. eat 
= Mr. Stine was elected an Associate Member of the Society on October ~ 
f 1912, and a Member on August 15, 1938. He became a Life Member in 1947. _ 


Lloyd Stuenkel, the son of William A. and Dora (Niehaus) Stuenkel, 
was born on October 19, 1902, in Lenora, Kans. He “was graduated from 


Kansas State ‘Agricultural College (Manhattan) with the ¢ degree of Bachelor 
graduation, he worked for ‘the Phillips’ Petroleum Company, and 
then served as assistant county engineer of Pottawatomie County, ‘Kans. be 
fore he was employed by the State Highway Commission of Kansas in 1929. 
‘The remainder of his career was served with the Commission. = = = 
: From 1929 to 1937 he was chief of a bridge foundation survey party a a 
oe throughout the state before ge going into the headquarters « office of | the State 
Highway Commission at Topeka as a bridge ‘designer. He as chief of 
bridge design squad from 1947 until his death. ling 
a Mr. Stuenkel developed a a systematic method for the analysis of continuous 
bridges of structural steel and reinforced concrete, and a set of tables for the ‘ ae 


me Mr. Stuenkel was a member of the Central Congregational Church of To- 

i the A.F. & A.M. Lodge No. 257 of Westmoreland, Kans., and the Kansas 


a ‘Abstract of memotr prepared by Edwin 8. Bleock, M. ASCE. 
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October 11 18, 1936, he was married to Marguerite Knauer in 
Kans. is “survived by his widow; a son, Paul, Jr; a daughter, Judy; 

Lang Mr. Stuenkel was elected an ‘an Associate. Member of the Society on August 


Donald Wood Taylor, the son of Walter B. and Clara (Wood) 
born in Worcester, Mass., on December 2, 1900. In 1922 he was ‘graduaied 
Worcester Polytechnic Institute with the pad of Bachelor of Science 
in civil il engineering. In 1942 he received the degree of Master of Science in 
civil engineering from the Massachusetts Institute of Technology (Cambridge). 
After graduation, Mr. “Taylor was: emplo ved by the Coast | 
United States ‘Department of Commerce. He then worked an engi- 
- neer for the city of Los Angeles (Calif.), the Edward Miner Construction “a 
4 pany, and t the > New Ex England Power Company. ss in 1932, after « outstanding ac- 
- complishments on a cooperative research project between the New England 
4 7 Power Company | and M.LT., he joined the research staff of the Department of — 
Civil and Sanitary Engineering ‘of the institute. 


Soil Mechanics ‘Division at ‘the ‘institute. In addition 1 to teaching, Mr. “Taylor 4 
_ performed and directed extensive institutional and sponsored research in soil 
mechanics and acted as a consultant. to governmental and private. or- 


of Civil in which he served as vice-president; the American Society 


Engineering Education; the Highway Research Board; and the 


rat 


- tional Society of Soil Mechanics and Foundation Sniihinect He was also a 


member of Sigma Xi and Chi Epsilon. 


October 13, 1928, at Marlborough, Mass., he was married to ‘Beulah 

- ‘Elizabeth Nyman. ¥ He is $s survived | by his widow; his parents; and a a sister. ae | 
Mr. “Taylor was elected an sn Associate Member ‘of the” Society August 
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itt HERBERT ALBERT VAN DER GOOT, AM. ASCE et 


June 21, 1957 


athe 


van der Goot, was born on August 10, 1909, in Glendoray Calif. ‘He attended 
California Institute of Technology (Pasadena), the Southern 


During World War Il he received the ‘of: Heutenein in the 
States Navy and rose to be group ‘commander of mine-sweeping 
’ Mr. van der Goot was appointed assistant to the city engineer of of Azusa, 
Calif , in 1926. In 1929 he entered the service of the Los Angeles County | 
wh Flood Control District as dam tender. He eventually became head of the 
Dams and and Runoff Record Section of district and, later, head of the Con- 
“servation and Ground Water Section of the Hydraulic Division. As head of 
this section, Mr. van der Goot pioneered and supervised the West Basin Bar- 
Test to prevent sea-water intrusion into fresh-water aquifers. — 
‘He was was an ardent fisherman and took an active interest in -eommunity y affairs. 
He was also Master of the Glendora Masonic Lodge 404 and a member of E 
-Clampus Vitus, a Southern California H Historical Society. 
— On September 2, 1933, he was s married to Marianne Orton in ‘Riverside, 
Calif. He is survived by his widow; a daughter, Mariechen (Mrs. Norman | 
Lester); and a son, Petrus Marten Il. 
‘Mr. van was s elected an Member of the Society on on 4q 


7 William James: Van London was born on J anuary 22, 1888, j in Cache Bay, 
Ontario, Canada. He attended the University of Utah (Salt Lake City), 
ot In 1917 he began his career in highway engineering with the Arizona — 
State Highway year he entered the United States 


to 


1 Abstract of memoir prepared by Ernest J. Koch, Jr., 
‘* Aketast of memoir prepared by James C. Dingwall, M. “ASCE. 
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his employment a: as a highway engineer with the Tecan Highway Department 
in Tarrant County in “May, 1921. _ Among his numerous achievements in ‘the 
department were the conception, design, and construction of the Houston 
 (Tex.) Urban Expressway System. After a leave of absence in 1951, during 
which time Mr. Van London conducted a world-wide transportation survey, 7 
he returned to the department as engineer- ment w hich position he ee 


ing Company of which he was ‘president = ial manager until his death. ot 
“ak On March 26, 1919, he was married to Molliebel Sellers of Fort Worth, 
ee. He is survived by his widow; a son, Gregory S.; and a daughter, Vonia. = 
Van London was elected Associate Member of the Society on 
November 10, 1930, , and a Member on November 30, , 1953. pe 


William Horace Williams, the son of William Morrow and Eugenie Lelia 4 
(Simon) Williams, \ was born on July 18, 1882, at Fort McIntosh, Laredo, Tex. , 
He was educated at Denison University at Granville, Ohion = — 4 
ca 7a His professional eareer began in 1902 with the engineering department of the ; 
» @ Pennsylvania. Railroad. He was later (1903) associated with the Corps of Engi- 
pa neers, United States Army... From 1904 to 1908 he was resident engineer for 


>. the firm of Christie & Lowe i in New Orleans, La., on construction of Mississippi cs -- 


In 1908 he and his partner, M. P. Doullut, formed the contracting Bieta 
of Doullut & Williams. From 1918 to 1921 a subsidiary firm, Doullut & Wil- 
liams Shipbuilding Company, Ine., designed and constructed steel ships 
% barges for the United States Government. From 1924 on, the company, — 
under the name of W. Horace Williams Company, Inc., engaged in many large — 
projects, including marine terminal facilities in the Gaited: States, 
4 _ Mexico, the West Indies, and South America. Under Mr. Williams’ management ; 
= and direction, the company also constructed many Mississippi River wharves, — 
: 4 steel drilling platforms in the Gulf of Mexico, rail terminals, bridge foundations, — ‘ 
>  M Mr. Williams took an active part in community ¢ affairs and lent his talents — 
to ma many eivie and charitable projects. He was a member of "the American 
ay of Mechanical Engineers, the Society of American Military Engineers, ‘ 


—— 


— Abstract of memoir prepared by Herrick J. Lane, A.M. ASCE, C. Glenn Capell, M. — 
ASCE, and Robert B. Goan, A. M. View To tonite 
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his widow; two daughters, Mrs. Elizabeth Tonia al Mrs. 

 Lorrance Livaudais; and three sons, ‘William | Horace, Jr, John Wesley, 

eat Mr. Williams was cloated an Associate Member of the Society on October 29, 
1912, and a Member on June 12, 1917. He became a Life Member in in 1947, ‘iy 


haw ul WILLIAM ‘MUNSHY WILGON, 
William Munsey ‘Wilson, the son of James Calvin and Mattie Belle (Rus-— 
sell) ‘Wilson, was born on October 26, 1894, in Hallettsville, Tex. He was 
: graduated from the University of Texas (Austin) with the degree of Bachelor | 7 


of Science in architectural | engineering in 1923. ais 
_— From 1924 to 1931 Mr. Wilson was associated with the architectural firm 
- a of Giesecke and Harris (in Austin) as chief ' engineer. — From 1931 to 1932 he 
was chief engineer for Texas Agricultural and Mechanical College (College 
| Station). — In the period from 1933 to 1936, Mr. Wilson undertook deveral 
~ short- term projects. He also held at various times the positions of resident — ae 
inspector, office engineer, and assistant state engineer inspector 
various projects in and around Fort Worth, Tex. ao 


In 1937 he opened a consulting office in Austin, and during a period of 


_ approximately three years sg he took time off to act as chief engi- 


structural design: at the of In 1945, he formed a 
_ ship with Worth Cottingham. Under the title ‘of Wilson and Cottingham, this 
firm was responsible for the e design of of many structures in the Austin area Pa 


‘Mr. Wilson was an ‘active member of the Texas Section of the Society, the 
Texas Society of Professional Engineers, and the American Concrete Institute. 
He was also active with the Boy Scouts of America. 
ue - On August 5, 1923, he was married to Alberta Howell. ¥ He is survived yy 
his widow; two sons, Robert Munsey and Albert Lane; a daughter » Elizabeth 
(Mrs. Donald R. Davis) ; and six grandchildren. 
' Mr. Wilson was elected an Member the 27, 
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John Stephen Worley was born in 
He was graduated from the University of Kansas with the 
_ of Bachelor of Science and Master of Science in 1904 and was awarded the 
= of Civil Engineer in 1922. ‘He He was admitted to the Missouri Bar in 1919. a 


His engineering career of variety y of assignments or on 


Commerce Commission in Washington, D.C. a” 1921 to 1927, he was ta 
sociated with the Habirshaw Electric Cable Company of New York (N.Y.) 


~ as federal receiver, and then as executive vice- -president and general 


In 1922 he also became a seals of the teaching staff at the University of 

_ Michigan (Ann Arbor), where he pioneered in the development of transporta- 
Bens engineering courses, and served as curator of the Transportation Library 
3 the university. In 1945 Mr. | Worley retired from teaching but continued a 
his professional activities as a consultant principally in finance 
taxation. > 
number of years” in the 1930's. was an active of the First Meth- 4 
ipetilieats was married to Mayme Lee Baker. He is survived by his widow 5 a 

Mary Louise (Mrs. James Symons); and two grandsons. 

x. Mr. Worley was elected an Associate Member of the Society on June 5, 1907, 
a Member on September 3, 1913. He became a Life Member in 1942. 


2 Abstract of memoir prepared by the Civil Bagincoring | of the 7 
of Michigan, Ann Arbor, Mich. | a 
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VOLUME 


VELOCITY; see also VIBRA- See EROSION, LAND; FLOOD. 
HIGHWAYS AND ROADS— TER RIGHTS 
ACCOUNTS AND ACCOUNTING 
«See also AERIAL... 
Financing under relative subject ‘AIRCRAFT aed 
ADDRESSES See also BUCKLING 
See AMERICAN SOCIETY OF Plastics as lightweight and light trans- 
CIVIL ENGINEERS—Addresses; materials, 520,522, 
also under subject « of address ~AERPORTS (structures and localities) 
AERATION | bad Development outline of, New 
also OXYGENATION International | Airport, — 
¥ “Effects: of Storage Impoundments on ih ‘Transportation Planning” : 
Water Quality,” Milo A. Churchill, sium, Roger H. Gilman, ‘Wilfred M. 
of re-aeration, 648. Types of financing different : 
“Mechanism of Reaeration in Natural airports, 371, 376. 
Streams,” Donald J. Connor and be = 
W AIR TRANSPORT 
illiam E. Dobbins, 641. Discus- “See TR ANSPORTATION 
ton C. Rand; and Donald J. O’Con- under name of rel: 
nor and William E. Dobbins, 667. ALLUVIATION 
Re-aeration in natural streams, 663. RIVER DELTAS: SILT AND q 


AERIAL... SILTING... ; VALLEYS 4 
AIR TRANSPORT (cross refer- 


+ See "SURVEYS 4 SURVEY- 1958—Address at the Conven- 

ING, AERIAL 3 tion, Portland, Ore., June 25, 1958, 

AND AGGREGA- | Louis R. Howson, 1275. 
Memoirs of Members. See name of 
Problem of chemically reactive aggre-— member in Author Index. (See 
gates of central California, 229. 
a- 


AGREEMENTS = ANALYSIS, ‘DESIGN 


See CONTRACTS (cross reference See under relative 
_ thereunder) STRUCTURES, , THEORY 
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‘SUBJECT INDEX 


ANALYSIS OF DATA BAFFLE PIERS oul 


See EQUATIONS; _See SPILLWAYS tine" 


ICS; STRUCTURES, THEORY pg 
also under relative subject TION, RIVER A 


"ANALYSIS, STRUCTURAL RIVER BANKS AND BANK 


4 See EQUATIONS; STRESS AND (cross references 
STRAIN; STRUCTURES, THE- __ thereunder) "0! 

ORY OF; TRUSSES BARGES ha 
ANALYSIS, WATER “Bridge : A. Symposium, 
WATER ANALYSIS Eugene W. Weber, Walter Kurylo, 
-ANCHORAGES, TAINTER GATE William E. Cleary, Nickles L. 
See TAINTER GATES ( ruthers, and Erhard E. Dittbrenner, 


FOG we. 


APPARATUS sve eubiect: alep IN. also RIVER DELTAS 
under subject ; also IN- 
_ “Mechanics of Streams with Movable = 


1 
VIBRATION Brooks (with discussion), 526. 
RECORDING APPARARYS | BASINS (depression in earth’s surface) 
ri 
APPRAISAL a ore See DRAINAGE; RIVER VALLEY 
TION. VALLEYS ; see 


VALUATION also RIVER BASINS (cross refer- 


STRUCTURES, THEORY OF BASINS, STILLING 


ref 


See AMERICAN SOCIETY OF __ AND SHORE PROTECTION 
ENGINEERS BEAMS (General) 
also MOTOR... (cross ‘references guson (with discussion), 602. 
thereunder) wi, BEAMS, CONTINUOUS 
AUTOMOBILE ACCIDENTS See_-BRIDGES; STRUCTURES, 
See HIGHWAYS AND ROADS— THEORY OF—Beams and Girders, 
AUTOMOBILES BEARING CAPACITY (foundations, 


or more genera 
itornia Bearing Ratio, water con- 
ENGINEERS AND _ENGI- “tent, density tests and test developed 
BACKWATER by merican Association o ate 
17. _ Highway Officials and Harvard 
River Diversién Control”: versity compared, 1,0 
Symposium, John R. Hardin ; Eugene “Experiences with Lome As Founda- 
Graves; Willard J. Turnbull and tion Material,” William A. Clevenger 
7 Woodland G. Shockley ; and Norman * q (with discussion), 151. | 
R Moore, 1129. ‘Pile Tests, Low- Sill Structure, 
and Robert I. Kaufman (with dis- 


Storage impoundment effects on water 
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FLOORS AND 


-2¥OITA! IQA we 


“Soil Modulus for Laterally Loaded 
“Stabilization of Materials by 'W. Hendry and. Leslie 
tion,” Willard J. Turnbull and ‘Jae 1245 
arly law pertaining to bridges as 
See CANALS; CHANNELS; RIV- crossings obstructing navigation, 927. 


; SILT AND SILTING. BRIDGES (General) 


TURBULENCE; WATER, FLOW 


PILES AND PILE DRIVING; i 
STRUCTURES, THEORY OF— 
elative structure, RAIN; L bw OF IN { 
er relativ 
material, e.g., FRAMES, RIGID WATER, FLOW OF. IN 
(cross reference thereunder ) Wisk 


A 
-BENTS Bridge clearance problems too indi- 


See STRESS STRAIN—_ ¥ vidualized for initiation of standardi- 
j ~ ridge Clearances” ymposium, 
"BIBLIOGRAPHY LAT SED: Eugene W. Weber, Walter Kurylo, 


See subheading Bibliography under rel- Cleary, Nickles ‘L. Ca- 


bib- ruthers, and Erhard E. Dittbrenner, 
10grapnhical footnotes existing in in- 925. 


“a 
_ dividual papers in which books and... BRIDGES, GIRDER IW. A 


other material are cited) STRESS AND STRAIN- 
DECRAGT ee also” 


cross reference Girder Bridges,” Roy C. Edgerton 

DECEASED MEMBERS. and W. Beecroft (with dis- 

_ “Load Distribution in Highway Bridge 


— STRESS AND STRAIN VISCOSITY 


OF, IN OPEN CHANNELS See also BEAMS... ; COLUMNS; 


OPEN CHANNELS; WHEEL 


€ 


Decks,” Arnold W. Hendry and Les- lg 


“Pile Tests, Low- Sill Structure, Old “Bearing- Ratio Effect on (Strength, of 


River, Louisiana,” Charles I. Mansur Riveted Joints,” Jonathan Jones, 964. 


f h - 
and Robert I. dis- “A Pressure-Line Concept for Inelastic 


1 


_ _ See RIGHTS OF WAY (land strips) _ “Shells of Double Curvature,” Alfred — 
BOUNDARY LAYER, THEORY __L. Parme (with discussion), 989. 


WATER, FLOW OF. CONSTRUCTION (cross refer- 


“Se TRUSSES... BUILDING MATERIALS 


See MATERIALS OF CONST RUC. 


also JETTIES; SHORES AND BUILDINGS 


_ SHORE PROTECTION ; WAVES 5 See also CHIMNEYS 4 AND FLUES; = 


“Wave Run-Up on Shore Structures,” C 
Thorndike Saville, Jr., 
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INDEX 


FOUNDA- DIVERSI R, FLOW 
stability problems and 
nomena influencing them, 114. 


on OF MATERIALS; 'STRESS AND 
also under type of buil ¢.8., of Stable Canals and Channéls 
POWER PLANTS in Erodible Material,” Pete W. Ter- 
Ue — ell and Whitney M. Borland, 101. 
‘Developing Port Facilities on Hous- 
BULKHEADS -ton’s Ship Channel,” Frank H. New- 
Seg, RETAINING WALLS; nam, Jr. (with discussion), 
HORES AND “A Floodway for H T Ke 
oodway for ouston, Tex.,” al > 
4G SHORE PROTECTION; WAVES Heagy, 
Up Shore Structures,” “Mobile (Ala.) Harbor and Ship Chan- 
Thorndike Saville, Jr. 139. nel,” Harold E. Bisbort, 1195. 
“Sediment-Transport Mechanics in Sta- 
‘Emmett M. 


CANALS 
also CHANNELS; EROSION, ble-Channel Design,” 
STREAM; HEAD GATES; Laursen, 195. Discussion: Sam Shu-— 
LOCKS: SEDIMENT AND SED- and Emmett 204. 
N; PAGE; « ‘Transition Profiles in Nonuniform 
Channels,” Francis F. 


SILT AND SILTING, CHAN: 
NEL; WATER, FLOW OF, IN | discussion), 43. 


also under 


OPEN CHANNELS; WATER __ 
HYDROGRAPHS; | 


“Design of Stable Canals and Channels 
in Erodible Material,” Pete W. Ter- relative subject, e.g., STRENGTH 
rell and Whitney M. Borland, 101. OF MATERIALS 
Sediment-Transport Mechanics i in Sta- ‘CHEMISTRY 


_Emmett M. a See under relative technical subject, 
, CORROSION AND 


Laursen (with | discussion), 195. eg, 
AIRCRAFT; CONVEYERS CHIMNEYS AND FLUES 
HARBOR IMPROVEMENT; MO- Stacks 
TOR... (cross references’ thereun- 236, 237,00 
der); ‘RAIL. .(cross references CHUTES, Ww A TER FL Oo 
thereunder) TRANSPORTA- THROUGH 
cross _ references pihgreunder) 
WHEEL “LOA INGS; COSTS. ; DOCKS AND 
CHARTS (cross reference there- WAYS (cross reference thereunder) ; 
under); MAPS AND MAPPING GOVERNMENT (cross references 
reference thereunder ) ‘5 thereunder); HOUSES; INDUS- 
VEYS AND SURVEYI ING ; PUBLIC HEALTH; 
SEWERS; | TER- 


CAR WHEELS SEWAGE... 
er also geo- 

CHANNEL RECTIFICATION graphical subheadings under relative 

OPEN CHANNELS Engineerin facilities of Hot Houston, 

See also COSTS, CHANNEL; ERO- > ae Knoxville, Tennessee sewage and in- 
dustrial waste treatment plant ordi- 


SION, ‘STREAM; RIVERS; | 
‘SILLS; ‘AND SILTING, nances, 595. 


“4 

| — 

| — 
q — 

| — 

5 

4° 
= 

y 

— 

aq 

- 

— 

— 

| ae 

— 


CIVIL ENGINEERS AND ENGI- .. Protection _ See a 
See AMERICAN SOCIETY TION OF CONCRETE 
CIVIL ENGINEERS; ENGI-_ "Cracks and Cracking AOD 
NEERS AND ENGINEERING California aggregates as a in 
(and cross references thereunder) California, 229 
See WATER TREATMENT “Simplification of Design by Ultimate 
also LOESS; PILE AND PILE ___guson (with discussion), 602. 


‘Scant 4 existing concerning 
resistance to movement of clays, 202. CONCRETE—METAL 


“Soil Modulus for Laterally Loaded ‘See cross reference under “REIN. 
Piles,” Bramlette and FORCED CONCRETE 
» * “a _ John A. Focht, Jr. (with discussion), ‘CONDENSERS AND CONDENSA- 
“Stabilization of Materials by Compac- See also EVAPORATION 
tion,” Willard J. Turnbull and; “Morro Bay Steam Electric Plant,” 
Charles R. Foster’ (with discussion), , ~J..George Thon and Gordon L. Col 
See SEACOAST (cro references also FLUMES; PIPE LINES; 
COATINGS, “PROTECTIVE Flow Controller for Open or Closed 
CORROSION AND PROTEC- Conduits,” Victor L. Streeter, 883. 
COLUMNS 4 Tachia ‘Tunnel, ” Rex A. Elder, 1249. 


Bie also STRUCTURES, THEORY Y “Trends i in Hydraulic Gate Design,” 


Strength Procedures,” Phil M. CONNECTORS AND 
 guson (with discussion), 602. OFA. 
also JOINTS... ; STRESS AND 


See AIRPORTS; CANALS; CHAN- 


‘Behavior of Riveted Truss- -Type Con | 
S AND ROADS; RAIL- nections,” Eugene Chesson, Jr. and 


ston: Arthur J. Francis; and Eu 
_ RIVERS; Chesson, William H. 
(cross reference thereunder) ; 
TRANSPORTATION CONSERVATION 
COMPACTION Se GROUND WATER; EVAPO- 
ION (cross references thereunder) 
CONSOLIDATION TESTS, SOIL 


__SeeCOLUMNS BUILDINGS; CONTRACTS 
ross reference thereunder) ; 
TERIALS OF CONSTRUCTION; 


See DAMS, MASONRY AND CON- 
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MATERIALS OF “Bridge Clearances”: A_ 
CONSTRUCTION, | UNDERWA- eary, Nickles 


TATER C bol YAW .2TZ0D 
See UNDERWATER) CONSTRUC- COSTS, CHANNE 


nam, (with discussion), 239. 


reference thereunder) Ad Jr. (with discussion) 


CONTAMINATION, STREAM COSTS, DREDGING 
See WATER POLLUTION Mobile, Alabama dredging cost fluctua- 


tions since 1826, 1201. 
ONTINUOUS BEAMS ad COSTS, FLOOD) Yad 


See BEAMS, CONTINUOUS | (cross. Fe, Houston, Texas rectification divi- 
references thereunder) sion costs specified, 186, 194. 
CONTINUOUS FRAMES COSTS, HARBOR IMPROVE- 
See STRESS AND STRAIN- | MENT 
Frames, Continuous ; see also “Developing Port Facilities on ‘Hous- 
COLUMNS; GIRDERS. ton’s Ship Channel,” Frank H. New- 
CONTINUOUS GIRDERS tit nam, Jr. (with discussion), 239. 
See GIRDERS, [CONTINUOUS Facilities for “cargo” transfer = 
(eross references thereunder) land and sea carriers as they relate 


CONTRACTS “Mobile (Ala.) Harbor and Ship Chan- 


ENGINEERS AND nel,” Harold E. Bisbort, 1195. 
HIGHWAY AND ROAD 
ROL AND CONTROLLERS, « 
Jn See WATER, FLOW OF, THROUGH © - D. Tallamy, Dewitt C. Greer, Carl 7 
ORIFICES E. Vogelgesang, Hugo H. Winter, 
if CONVENTIONS (American ‘Seder and Ralph A. Moyer, 465.0 
of Civil Engineers) ‘Indiana State Highway System cost 
See AMERICAN SOCIETY OF Sstimate, 478 
ENGINEERS Original cost of 16 miles (and a 45 and wore 


CONVEYERS AND CONVEY- 


NCE COSTS, INDUSTRIAL WASTE 
Facilities for Special-Pur- 


and other costs of system begun in 


‘CORROSION AND PROTECTION 
CONCRETE COSTS, MULTI-PURPOSE PROJ- 


ECT (RIVER PROJECTS) 


lachia Tunnel,” Rex A. Elder, 1249. 


CORROSION AND PROTECTION a “Cost Allocation for “Multiple-Purpose 

OF METALS ‘Water Projects,” Newcomb B. Ben- 
“Friction Measurements in the Apa- mett, Jr., 85. Discussion: Frederick 
lachia Tunnel,” Rex A. Elder, 1249. Eugene W. Weber; 


Johnson and Charles . 
4 See also subheading Financing under AA 


S (of work) Morro Bay Steam Plant itemized — 


1 
a 
— 
a 
4 
q — 
— 
a 
. 
a 


costs, RESERVOIR (MULTI ‘CURVED ‘STRUCTURES 
PURPOSE RESERVOIRS) See STRUCTURES, THEORY ( OF 
“Cost Allocation for Multiple-Purpose —Curved Structures Orr 


Water Projects,” Newcomb B. ‘Ben- CURVES (design curves) 


nett, Jr. (with discussion), 85. 4 lati of 
COSTS, RIGHT OF. WAY (land “STRENGTH OF (MATE: 


“Control of Highway Access”: A Sym- CURVES (elastic ourves) 4 


posium, Curtis J. Hooper, ” Bertram a 
i Tallamy, Dewitt C. Greer, “Carl See STRUCTURES, THEORY OF 


_E. Vogelgesang, Hugo H. Winter, CYLINDRICAL SHELLS 
and Ralph A. Moyer, 465. See CHIMNEYS FLUES 
COSTS, RIVER DIVERSION SHELL STRUCTURES 
See COSTS, WATER DIVERSION (General) Salty 
_ COSTS, SAND SAMPLING also LOCKS; SPILLWAYS,;_ 
Reasonable cost of sampling procedure Wates 
COSTS, ata wal. also SEEPAGE 
Mileage and cost of sea wall in Harri- Buford Dam ( 
son County, Mississippi, 817. ai Georgia) in Apalachicola River Ba- 
cosTs, SPREADING (WATER sin project, with outline of character- 
Usage of laboratory lysimeters and field DAMS, GRAVITY 


experiments compared in waste wa- 
_ ter reclamation studies, 134, 137, 138. _ See DAMS, MASONRY AND CON- 

COSTS, SURVEY AND SURVEY- ends patie 
ING (General) DAMS, | MASONRY AND CON. 
Ground _ versus aerial surveys, 1029, CRETE 


1030, 1034, 1035. Woodruff Lock and Dam on 


COSTS, WATER DIVERSION _ Apalachicola River with outline of 
ve _ improvement esti- _ characteristics and 4 


mated costs, 1141, 1159, 1173, 1176, tails, 984,987, 

"Walter F. George Lock and Dam (for- 
COSTS, WATER GATE (MOVA. ee Fort Gaines Dam) and the 
‘Columbia Lock and Dam, both on the 


Tainter gate anchorage A 4 
palachicola River Basin project, 
type and estimated savings, 409, 416. — outline of characteristics and 


Gulf Intracoastal Waterway ratio. of. DAMS, ROCK-FILL 


benefits to costs in relation to other Deformation develo d b - eartha suske 
waterways in United States, 947. vibration, 795, 80 


costs, WATERWAY details, 980, 982, 987. 


COURT DECISIONS “Earthquake Resistance of Rock: Fill 


under relative subject (under the Dams, Ray W. Clough and David 
RIGE heading, eg., RI- Pirtz, 792. Discussion: Nicols N. 

-PARIAN RIGHTS a Ambraseys; John V. Spielman; and 
CRACKS AND CRACKING Ray W. Clough and David Pirtz, 


See under relative subject, e.g., CON- 


See STRESS AND STRAIN 

CREST GATES See DEFORMATION | (cross refer- 

6 See WATER GATES, MOVABLE ences thereunder) ; MOMENTS; 


. STRESS AND STRAIN; STRUC- 

4 ‘CURRENT METERS TURES, THEORY OF; also under 

See METERS AND METERING, relative structure or ‘structural part, 


we 
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STRESS AND STRAIN; TOR- for (cross thereunder) 


See FAILURES... ; STRESS AND See IRRIGATION 
“STRAIN ; STRUCTURES, THE- FALL; RUN 
ORY OF;; also under specific type of VALLEYS; WELLS; also ss 
stress, e.g., TORSION; also under type of drainage, e.g., 
type of material, eg, CLAY; also ‘Drainage 
under structure, e.g., DAMS, Atchafalaya River Basin structures in 
ROCK-F ing Mississippi River non-course 


DELTAS changing diversion plans, 1129. 


See RIVER DELTAS | basin of th the 
DEMINERALIZATION | OF WA- River, 


DRAINAGE BASINS ae 


ers: 


FRAMES; WATER GATES, 
MOVABLE DRAWINGS = =— aid 

= eg, DREDGES AND DREDGING 
«See under relative subject, 


DESIGN CURVES ficial Beach,” Francis F. Escoffier, 


“Mobile (Ala.) and Ship | Chan- 
‘DIAGRAMS nel ” Harold E. Bisbort, 1195. 


See under relative subject, eg., MO- DRILLS AND DRILLING 
METERS AND METERING, ATER FLOV 
CURRENT; PUMPS AND PUMP. See SPILLWAYS; WATER, 
ING; ‘SLUICES; WATER,FLOW OF, IN OPEN CHANNELS 


4 a ‘See SAND DUNES (cross references 


See CORROSION AND PROTEC. DYNAMICS OF FLUIDS 
TION OF...; also under type of See HYDRODYNAMICS 
__ material we "DYNAMICS OF STRUCTURES 


WATER ‘DIVERSION > references thereunder) ; SOIL 


a See also BULKHEADS; COSTS, “EARTH DAMS 

_BORS; PILES AND PILE DRIV- - BARTH MOVEMENTS 

ING; WATER TERMINALS) E ES 

3 “Developing Port Facilities on Hous- | ee EARTHQUAK ae 

ton’s Ship Channel,” Frank H. New- EARTH PRESSURE 

= nam, Jr. (with discussion), 239. “Pile Tests, Low-Sill Structure, — Old 

"5 “Shoreside Facilities for Special- Pur- River, Louisiana,” Charles I. Mansur 

pose Ships,” Howard J. Marsden, and Robert I, Kaufman (with d 
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ELECTRONIC INSTRUMENTS 


oe computers of particular value in 
of redundant structures, 


“EMPLOYEES AND -EMPLOY- 

wastes and other harmful by- 
“Earthquake ‘Resistance of Rock-Fill 


products in relation to employee oy 
ve Dams,” Ray W. Clough and David tection in Knoxville, Tennessee, 


Pirtz (wits discussion) , fer ENERGY 

See SOILS “ AAG FLOW OF.. 

EARTHWORK _____ ENERGY, LOSS OF 


Sep RAMS, EARTH: DEAINAGE: See EVAPORATION: FRICTION 


EVEL. WATER, FLOW OF... 
ECONOMICS ith F209 we RS awd 
TION; see also under relative sub- 
Fett, subheading Financing See cross references under WAR AND 


«See WATER, _ ENGINEERING BIBLIOGRAPHY 
CHANNELS 


EDUCATION 


Century of Technology” : Address at EDUCATION 
“ra the Summer “Convention, Portiand, 


June 25, 1958, Louis R. How ENGINEERING GLOSSARIES 

a _ EFFLUENTS, SEWAGE _ ENGINEERING HISTORY 

See SEWAGE DISPOSAL See AMERICAN SOCIETY OF 
4 


4 BIBLIOGRAPHY (cross refer- 
ences thereunder) ATION 


ELASTIC CURVES hall CIVIL ENGINEERS; ENGL 


NEERS AND ENGINEERING— 
See CURVES (elastic aT History; see also under relative sub- 


‘ject, eg., HARBORS» (Geographi- 


See also PLASTICITY; STRESS ENGINEERING MECHANICS 
AND STRAIN 


BOIMAKYG See MECHANICS... . (cross refer-— 


“Moment- Distribution Constants from: th d 


of cussion), 318. ENGINEERING SOCIETIES 
Mating Set SOCIETIES, TECHNICAL 


Bending,” Frank Baron (with 
Se cussion), 1039. THAR ENGINEERS AND ENGINEER- 
Modulus for Laterally ended ING (General) 21900 
Piles,” Bramlette McClelland and See also AMERICAN SOCIETY OF | 
A. Jr. (with diseu discussion) , CIVIL ENGINEERS. (For mem-— 
“Truss by Stiffness” Consid- ‘Of member in \uthor index.) 
erations,” Harold C. Martin, 1182, TRH. 
ELECTRIC POWER PLANTS I A 


NICAL (cross _ references -thereun-— 


—_ ed  SeeELECT 
— for Laterally Loaded See 
Modus. for 
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SUBJECT INDEX 


ENGINEERS AND ENGINEER- EVAPORATION FTA 4 
ING (General) (Continued) also CONDENSERS AND CON- 

“The Engineer’s Place in the Second _ SUMPTIVE USE OF (in agricul- bas 
Century of Technology”: Address at ture) JIIUAAG YH. 

Convention, Portland, “Evaporation from Free Water 
Louis R. faces. at High Altitudes,” Harry F. 
Blaney, 385. Discussion: Carl Roh- 
wer; Kenneth M. Turner; Irvin M. 


‘Bureau ‘of Ingerson and John W. Shannon; and 


Ha F. Blaney, 396. 
‘ d Monthly evaporation data for pans at 
Century of Technology”: Address at high altitudes, United States Weather 


the S C Bureau stations in New Mexico, 
an Ore., Tune 25, 1958, Louis Re How California, Utah and Colorado, 391. 


— EXCAVATION (General) 
Professional Relationships _ y See SUNDATIONS TUN - 


Negotiating contracts with photogram- 
‘metric engineering firms as an 
procedure in highway surveys, 1037. So See DREDGES AND DREDGING 
ENGINES EXPERIMENTS AND > EXPERI- 


pivigh 


RIES; MODELS. TESTS 
PORTALS AND ENTRANCE- : #06 4 
(cross reference thereunder ) AND ‘TESTING (cross 


thereunder) also under relative sub- 

EQUATIONS = ject; also under material, structure or 

See also under relative subject structural part tested, e.g., 
“Shells of Double Curvature,” Alfred EXPLORATION 
Parme (with discussion), BORINGS; FOUNDATIONS. 
erection 

See CONSTRUCTION (cross refer- See HIGHWAYS AND ROADS 

‘EROSION, BEACH TT See under relative subject, e.g., 

County (Mississippi) Arti-— Br TIC MATERIALS 
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plant,” cross references under ROUGH- 


Stable Canals and Chamels FAILURES (Genera) 
el 
Erodible Material,” Pete W. Ter- See also BEARING CAPACITY; 
-rell and Whitney M. Borland, 101. a 4 SAFETY (cross reference thereun- 
der); STRENGTH OF MATE- 


= 


Sediment-Transport Mechanics i in Sta- RIALS; STRESS AND STRAIN 


ble-Channel Design,” Emmett 
Laursen (with discussion), 195. "FAILURES, FOUNDATION 


CA “Experiences with Loess As Founda- 
_ “Bearing-Ratio Effect on Strength of 
Riveted Joints,” Jonathan Jones, 964. 
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under relative subject, eg, Houston, Tex, 
STRESS AND STRAIN—Joints; “A Floodway for Houston, Tex.,” 


See HYDRAULIC “Old River Diversion _ Control” : 
re FILTERS AND FILTRATION, +" Symposium, John R. Hardin; Eugene 
A. Graves; Willard J. “Turnbull and 


also SEWAGE DISPOSAL and Norman 

_ Cawley and Jack W. Woods, 405. FLOODS 


‘See COSTS...; VALUATION;also _ See BEAMS... 
subject, eg., AIRPORTS—Financ- FLOORS AND 
2S. TI and Flooring 


See Seg FLOODS: RUNOFF ; SEER. 
“FIRE STREAMS» ~ ‘TER, FLOW OF. 

WATER, BLOW OF, FLOW. AND CON 


See under relative technical subject, ORIFICES 
WATER POLLUTION FLOW, LAMINAR 
pale: MOLT WATER, FLOW OF, IN OPEN 


4 


See FLOOD ROUTING; FLOODS; “FLOW OF FLUIDS | 


"RESERVOIRS, FLOOD a 


OW OF.. 


_ See, HYDROGRAPHS, VISCOSITY; WATER, ‘FLOW 

See also WATER DIVERSION 2. SOLIDS, FLOW OF (cross ref- 


“Old River Diversion Control” : erences thereunder) 
‘Symposium, John R. Hardin; OF WATER 


A. Graves; Willard J. Turnbull See WATE L 


Norman R. Moore 1129. 

“FLOODS (Gener) CHIMNEYS AND FLUES 
See also COSTS, FLOOD; DRAIN- HYDRODYNAMICS 209 

STREAM FLOW; LEVEES; FLUID FRICTION 

‘MULTI-PURPOSE PROJECTS FRICTION _ 
(cross references thereunder) ; FRICTION COEFFI- 
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“FLUID MECHANICS FRAMES, RIGID 

_ See WATER, FLOW OF... See STRUCTURES, THEORY OF 
FLOW OF  __—Frames, 

See TUNNELS, WATER; WATER, 2, FRAMEWORKS 

OF, IN OPEN CHANNELS) 


“Accuracy experiments on the Palmer- FREIGHT | 
_Bowlus flume, 749, 772, 774. See BARGES 


“Design of Venturi Flumes in Circular FREIGHT TERMINAL structt 


"(structures 
Conduits,” Edwin A. Wells, Jr. an 


Harold B. Gotaas, 749. Discussion: — Roll on, roll off and lift on, lift off 
Keeno ‘Fraschina, and Edwin A. cargo ‘vessels, and container ‘handling 
Wells, Jr. and Harold B. Gotaas,772. _—_facilities, 851. 
vy “A Flow Controller for Open or Closed Ee. “Shor eside Facilities. for Special- Pur- 
_ Conduits,” Victor L. Streeter, 883. ee = Ships,” Howard J. Marsden, 
: of Streams ,with Movable 
Beds of Fine Sand,” Norman © if FRICTION 
Brooks (with discussion), +526. 
ong ‘Edward Silberman and Herbert 
4 PILES Nelson (with discussion), 685. os 
See under relative subject, e.g., 
“AND PILE. DRIVING. “SILT “Pile Tests, Low-Sill Structure, Old 


ees River, Louisiana,” Charles I. Mansur 
AND SILTING, CHANNEL and Robert I. Kaufman (with discus 


also BEARING ‘CAPACITY; FRICTION COEFFICIENTS, 


_ FAILURES, FOUNDATION; | Measurements in the ‘Apa- 
PILES  lachia Tunnel,” Rex A. Elder, 1249. 
PRESSURE; also under special “Mechanics of Streams with Movable 
terial, eg, LOESS; SOILS Fine Sand,” 

Experiences: with Loess As Foundation iscussion), 


(with discussion), 151. See also METERS AND METER- 
FOUNDATIONS, PILE ING... ; also cross references unde 


INSTRUMENTS “pigs 
See PILES AND PILE DRIVING ay GAGES, PRESSURE | 


: 
UNDERWATER Manometer installations ‘in Apalachi ‘ 
“Old River Diversion Control”: A. Tunnel of TVA, 1256. 
Jn R. Hardin; Piezometers used to measure drawdo 
and loss of head in wells, 
column pressure measurements , 118 
ale, BEAMS... “Dynamic Stresses in Continuous Plate- 
Girder Bridges,” Roy C. Edgerton 
a Minimum-Weight Design of a Portal — and Gordon W. Beecroft oe: dis- 
Frame, William Prager, 66. Dis- cussion), 266. 
cussion: Robert L. Ketter, and Wil 
FRAMES, CONTINUOUS discussion), 824. 
See STRESS AND _STRAIN—— ‘Soil Modulus for Laterally 
‘Frames , Continuous ; see. Piles,’ Bramlette McClefland and 
BEAMS COLUMNS; joka A. Focht, Jr. discussion), 
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Importance of Ground. Water in th 
See general t types of gate s, National Economy," Al Albert G. 
WATER GATES, MOVABLE; see 776.0 
under specific type of gate, e.g.. ‘Laboratory and In- Situ ‘Permeabil 
HEAD GATES; TAINTER of Sand,” Charles I. Mansur, 868 
GATES (cross reference thereunder) GROUND WATER LAW 
Mexico statute a model ‘for simi 
_ lar laws in several states, 780, 
also BEAMS (General); 


BRIDGES; CONNECTORS AND thereunder) ; 
CONNECTIONS; also under name GROTHES 


“Anchorages Large Tainter Gates,” GUSSET PLATES An 
Alexander H. Kenigsberg (with dis- 


See PLATES (cross references there 
IRDERS, CONTINUOUS _ HARBORS (General) 
BRIDGES, GIRDER; STRUC- See _also BARGES; BREAKWA- 
TURES, THEORY OF—Beams TERS; BULKHEADS; CHAN- 
Girders, Continuous COSTS, HARBOR» IM- 


WHARVES; FREIGHT... ; JET- 
See TERMINOLOGY TIES; PILES AND PILE DRIV- 


See AUTHORITIES (cross reference SHORES AND SHORE PRO-— 
PUBLIC... ; also un- TECTION; TOWBOATS AND 
der LAW subject heading under re- TOWING "(cross reference there- 


_ WASTE LAW TER POLLUTION; WATER 


HYDROGRAPHS... ; also un- 
GRAVITY DAMS “Developing Port Facilities on Hous 
See DAMS, MASONRY AND CON- ton’s Ship Channel,” Frank H. New- 
Jr., 239, Discussion: Ersel G. 
GRIDWORKS Lantz; Austin E. Brant, Jr.; and 
See BRIDGE FLOORS AND y, Franc 
GROINS History of channel improvement 
and its effect on commerce and 2 


"Thode § Saville, 


ot 
so Post, Jr. and Burton W. Marsh, 
EARTHQUAKES “Develo ing Port Facilites ‘on Hous-— 


hip Channel,” Frank H. New- _ 

at on’s ip ra ew 

HEAD GATES 

Ground for United “Trends in Hydraulic n, 

1900, 1955, and estimated in- Dow A. ‘Buzzell (with 
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_ TER, FLOW ‘High speed accident study of Cali- 
ee EMPLOYEES AND EMPLOY- “Operation Problems on Controlled- 
Access Highways,” Charles M. No- | 
PUBLIC HEALTH HIGHWAYS AND ROADS 
“HIGHWAY AND ROAD LAW —_Braphical) 
Controlled access legislation | in California aD 
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-NEERING—Present and Future Economic effects of the Gulf Freeway 
Trends; HIGHWAYS_ “AND be di ion 
HIGHWAY LAW 


Analysis of large scale California free- 
SW AX AND ROAD: Law way project, a forerunner of 1954 and fi. 
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HIGHWAY ROAD; IM- Tallamy, Dewitt C. Greer, Carl E. 
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See AMERICAN SOCIETY OF 
ENGINEERS; ENGI- 
--- AND ENGINEERING— 


"HOISTING MACHINERY 
See under specific types of machines, 
 eg., DREDGES AND — 
HOUSE DRAINAGE 
HOUSES (places of abode pe 


cr, =H 


See also PLANTS (cross references 
thereunder) ; ; POWERHOUSES 
(cross reference thereunder) 
Denver residence foundation failures 
elated to loess, 164.00 
“Experiences with Loess As Founda- 
tion Material,” William A. Clevenger 
(with discussion), 151. 
Drainage. See also SEWERS: 
tems,” John E. Kiker, Jr., 
See WIND... (cross reference there- 
HYDRAULIC EXCAVATION 
See EXCAVATION, HYDRAULIC 
(cross reference thereunder) 
HYDRAULIC FILLING yon 
also DAMS, EARTH 
_ “Harrison County ( Mississippi) Ani 
ficial Beach,” Francis F. Escoffier, 
SYDRAULIC FLOW NETS 
‘Laboratory and In-Situ 
Sand,” Charles I. Mansur, 868. 
HYDRAULIC GATES | 
See WATER GATES, MOVABLE 
_ HYDRAULIC LABORATORIES | 


INDEX 


STILLING BASINS (cross 
‘TERMINOLOGY; TUNNELS, 


4A Flow Controller for Open o or Closed 
spam Conduits,” Victor L. Streeter, 883. 


See under type of 


-WHARVES; DRAINAGE; 
DREDGING: 
EROSION... ; EVAPORATION; 
‘FILTERS AND FILTRATION 

; FLOOD... ; FLOW. 
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(cross references “'thereunder) ; 
FLUMES; FOUNDATIONS.. 


ROUND WATER; HARBOR 


OROHEAD. GATES ; _HYDRAU- 
; HYDRO... 


TAKES; IRRIGATION 


LAKES: 


DRAULIC; BILES AND 

VING: PIPE...; POWER 
; PUMPS AND PUMPING; 
RAINFALL; RESERVOIRS. 
RETAINING WALLS; “REVET. 
MENT; RIVER...; RUNOFF; | 
SEA WALLS; SEDIMENT AND 
SEDIMENTATION ; SEEPAGE; 
SEWAGE...; SEWERS; 
SHORES “AND SHORE ‘PRO- 
TECTION; SILLS; SILT AND 
SILTING SLUICE... 

BASINS; SPREADING, WA- | 
reference thereunder) ; ; STRESS: 

STRAIN...; TANKS. 


WATER; TURBULENCE; VAL- 
LEY... ; VISCOSITY; WATER 
; WAVES; WELLS 
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YDRAULIC STRUCTURES 
structure, eg g-, 

YDRODYNAMICS 
_“Open-Channel _ Flow at Small Reyn- 
olds Numbers,” Lorenz G. Straub, 
Edward Silberman and Herbert c 


See also EVAPORATION Nelson (with discussion), 


TIONS; MODELS, HYDRAULIC 
_ “Mechanics of Streams with Movable 
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H 
of Fine Sand,” Norman 
Brooks (with discussion), 526. 
_ HYDRAULIC MACHINERY 
_ PUMPS AND PUMPING 
HYDRAULIC MODELS 
_ See MODELS, HYDRAULIC © 
See also” AERATION: BREAKWA- 
TERS; BUL KHEADS; CANALS; 


_CHANNEL...; CONDUITS; 
COSTS. ; DAMS.. 
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TION; FLOOD.. 


-; DOCKS oe OFF; ; WATER.. 


YDROGRAPHS, RIVER 
See HYDROGRAPHS, STREAM 


HYDROGRAPHS, STREAM FLOW 


1943 Mississippi River discharge hydro- 
graphs for moderate flow and 1945 4 


for large flow, 1154, 1156, 1157, 


YDROLOGY 
See also DRAINAGE; EVAPORA- 
.; GROUND 
WATER; HYDROGRAPHS; IN- 
FILTRATION (cross reference 
thereunder) ; LAKES; MARSHES; 
RAINFALL; RIVER... 
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ma Hydrologic cycle as affected by i 
See WATER, FLOW OF. 
HYDROSTATIC PRESSURE 
See HYDROSTATIC UPLIFT (cross 
HYDROSTATIC UPLIFT 
See WATER PRESSURE a 
See VIBRATION; “WHEEL 
Cette 
‘Dynamic Stresses in Continuous Plate-- 
Girder Bridges,” Roy C. Edgerton 
Gordon W. — 
uation), 
IMPOUNDING, WATER 
See RESERVOIRS, WATER STOR. 
_ AGE; WATER STORAGE 
INDUSTRIAL PLANTS 
See also under specific type of plant, 
eg., POWER PLANTS; also cross 
references under WORKS — 
“Municipal Ordinances for Industrial 
Wastes,” Julian R. Fleming, 595. 
INDUSTRIAL WASTE | 


“See also. COSTS, INDUSTRIAL 
WASTE; SEWAGE DISPOSAL; 
SEWAGE SLUDGE 


DUSTRIAL WASTE LAW 
“Municipal Ordinances for Industrial 
Wastes,” Julian R. Fleming, 595. 
_ INDUSTRIAL WATER SUPPLY _ 
IRRIGATION; WATER SUP- 
ander. seletize classifica. 
tion, HIGHWAYS 
see also EMPLOYEES 
AND EMPLOYMENT; also under 
we we industry or industrial plant, 
DRILLING INDUS- 
INFILTRATION 
See FLOODS ; GROUND WATER; 
LAND. ; RUNOFF; SEEPAGE 
INLAND WATERWAYS 


See PUBLIC HEALTH 


types instruments, e.g., ELEC- 


Mosquito propagation and 
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INSTRUMENTS 


METERS AND ME- 
'TERIN .; also under general 


FRONTS’ INSTRUMENTS; 
under usage; also cross reference un- a 
der specific type of instrument, e.g., - 
LYSIMETERS; also cross “refer- 
under APPARATUS 
INTAKE GATES 
See INTAKES 
See also HEAD GATES; 254 ad 


“Effects of Storage Impoundments on on 


Water Quality,” Milo AL Churchill, 


“Trends in Hydraulic Gate Design,” 
TAW 

See AND. PRO- 


TECTION OF METALS; STEEL 


Impoundment effect on iron and man-— 
 ganese in water systems, 452, 
IRRIGATION (General) 

"See also WATER, CONSUMPTIVE 
OF; WATER SUPPLY 

related to irrigation structures and 

“Relationship of ‘Irrigation to Public | 

Health,” Lloyd E. Myers, Jr., 846. 
IRRIGATION (Geographical) WAL 


Water Resources,” Joseph 


B. Wells, 1206. 

_ Water losses due to ‘evaporation | at “a 
altitudes affecting crop irr: irrigation, 


also BREAKWATERS ; SHORES 


_ SHORE PROTECTION; 
_ WATER PRESSURE; WAV _. 


See also FAILURES, JOINT; 
STRESS AND STRAIN—Joints 


JOINTS, RIVETED 
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Riveted Joints,” Jonathan Jones, 964. 
“Behavior of Riveted Truss-Type Con- 
nections,” Eugene Chesson, Jr. 
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SUBJECT INDEX 


LABORATORIES 
See under specific type of laboratory, 
eg., HYDRAULIC LABORA- 
TORIES; 
. TESTS AND TESTING (cross 
_ references thereunder) ; ; also under 
material, structure, or ‘structural 


LAKES (General) 
See also EVAPORATION ; SHORES 
AND SHORE PROTECTION; 
WATER...; W 
LAKES (Geographical) _ 


in Huntington Lake area, California, 
390, 394, 403, 404, 
LAMINAR FLOW 
See WATER, FLOW OF, IN OPEN | 
CHANNELS; WATER, 
= OF, IN PIPES 
See EARTH... ; EROSION, LAND; 
GROUND... : MARSHES; SOIL 
SURVEYS AND SURVEY-_ 
ING...; VALUATION 
LAND SUBMERGENCE 
SPREADING, WATER) 
LATERAL FORCES 
EARTHQUAKES 
LATERAL PRESSURE 
_ See EARTH PRESSURE 
Baw TA 


See LAW 


subject heading under re- 


subject, eg, WATER LAW; 


also CONTRACTS (cross ref- 

erence thereunder); WATER 
LEGISLATION 

under relative subject (under the 

subject LAW heading, e.g., HIGH- 
AND ROAD LAW) 


“Old River Diversion Control”: 

John R. Hardin; Eugene 

u Graves; Willard J. Turnbull and 

2: - Woodland G. Shockley ; and | Norman 
R. Moore, 1129." 

LIFTGATES 

See WATER GATES, MOVABLE 

LIFTING MACHINER 


TURES. 


LOSS OF HEAD 


‘LININGS 


See under relative type, eg., 


also under relative FLOW OF a 
a See VISCOSITY; WATER, FLOW 


O#0%H 


See BEARING CAPACITY; BUCK. 
aaa LING; EARTH PRESSURE; 
FAILURES...; IMPACT; 
STRESS AND STRAIN; 
; VIBRATION; 
LOADS; also under structure, struc- 

tural member or part, eg., FOUN- 

LOAD, 

CANALS; CHANNELS RIV- 

4 ERS; SILT AND SILTING. 
TURBULENCE; WATER, FLOW 
IN OPEN CHANNELS 
LOAD, SUSPENDED 
Ses SEDIMENT AND 


MALT 


LOCKS Tate 


See also HEAD GATES RAMS “4 
“Old River Diversion Control”: 
in Symposium, John R, Hardin; Eu- 
A. Graves; Willard J. Turnbull 
Woodland G. Shockley ; and 
e Norman R. Moore, 1129. 


William A. Clevenger, 


Material,” 
Harry R. Ceder- 


a Discussion: 


in the: United 


Loess deposits: s in 


LOSS OF 


WATER, FLOW OF... 

Se AERATION; FRICTION; WA- 
TER, FLOW OF 

LYSIMETERS YAIR AK AL 

See WATER INSTRUMENTS 


See under general types of eteatiy, 


LIMIT DESIGN, THEORY OF 

“Minimum- Wille, of a Portal 

Frame,” 
cussion), 6. 


eg., CONVEYERS AND CON- 
VEYANCE; also under specific. type 
of machine, eg., DREDGES AND 
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“Simplification of Design by ‘Ultimate 


MANGANESE POSE 
Strength Procedures,” Phil M. Fer- 
Dilution of | to measure flow a (with 602. 
-MEANDERS AND MEANDERING 


Ju 


Impoundment effect manganese and 
in water systems, » 452. 
See FLUMES; GAGES; METERS 
AND METERING; WATER 
~STRUMENTS 
CHANICAL ENGINEERS 


See GAGES, PRESSURE 
"MAPS AND MAPPING (General) te 


under relative subject ME 
See SEA...; WATER an. Seg under relative subject, eg., 

TOMOBILE... (cross references 
thereunder) ; MACHINERY (cross a 


Swamps and sloughs as a re) 
mosquitoes regarded a fallacy, 849. references thereunder) 
MATERIALS OF CONSTRUCTION See STRUCTURES, THEORY OF 
also AGGREGATES AND AG- 
GREGATION; ALUMINUM; ; MECHANICS, FLUID 
CONCRETE; CORRO- WATER, FLOW OF. 
AND PROTECTION OF MECHANICS, SOIL 
EROSION...; FAILURES “see sorL... 
; IRON; LOESS;_ PER. "MEMBERS J 
See AMERICAN SOCIETY OF 
(For mem- 


(cross reference thereunder) 
MEABILITY OF MATERIALS 
thereunder) ; CIVIL ENGINEERS. 
of deceased members, see name 


SAND; SEEPAGE; SILT.. 

SOIL. STEEL; STRENGTH OF of member in Author Index. ) (See 

MATERIALS; STRESS AND 
of Construc- MEMBERS, ‘COMPRESSION 4 


STRAIN—Materials 
STRUCTURES, THEORY 
MEMBERSHIP (ASCE) 


tion; 
- OF—Materials and Tests ; also un- ¥ 
See AMERICAN SOCIETY 


pa der types of materials, e.g., PLASTIC 
_ MATERIALS; also under usage 


2 Physical properties of glass, steel, con- 
MEMBERS, STRUCTURAL 


erete and wood, types. 
BEAMS; COLUMNS; FRAMES 
GIRDERS; STRUCTURES; 4. 


___ Plastics, 512, 514. 
See PERMEABILITY OF MATE- also under name of material, e.g., 
RIALS (cross references thereunder) BRIDGES” under 
"MATERIALS, OF ‘MEMOIES ‘OF DECEASED MEM- 
name of member in Author Index. 
ERIALS, WASTE See under specific metal, eg., STEEL 
WASTE METAL PROTECTION 
CHARTS (cross references CORROSION AND PROTEC- 
thereunder) ; also under relative sub TION OF METAL S:  MATE- 
ot OF_ CONSTRUCTION; 
procedure based ‘on finite REINFORCED CONCRETE 
difference equations in analysis of (cross reference thereunder) ; 
shells of double curvature, 989. STRENGTH OF MATERIALS: | 
“Shells of Double Curvature,” Alfred STRESS. 
a L. Parme (with 989. THEORY OF. 
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METALS (Continued) MOISTURE TMAOMAM 


under _ specific metal or its EVAPORATION; LOESS; 
ALUMINUM; STEEL _SEEPAGE; SOILS | 


“METEOROLOGY MOMENT DISTRIBUTION 


See EVAPORATION; RAINFALL; See MOMENTS; STRUCTURES, 
. (cross reference thereun- THEORY OF 


METERS AND METERING (Ger- "See also STRESS AND STRAIN; 
See also GAGES. INSTRU- also under specific type of stress, 

MENTS (cross references thereun- eg, BUCKLING; TORSION 
METERS AND METERING, CUR- Decks, ” Arnold W. Hendry and Les- | 
RENT G. Jaeger (with discussion), 1214. 
Flow Controller for Open or Closed “Moment- Distribution Constants 
Conduits,” Victor L. Streeter, 883. uo Models,” Otakar Ondra, 318. Dis- 
MILITARY ENGINEERS AND EN- cussion: John C. Murphy ; 
GINEERING D. Y. Fok; Frank J. Cain and Gerald 


lat h Luck; and Otakar Ondra, 344. 
under technical subject, “Moments in Flat Slabs Mark WwW. 


Huggins and Watone L. Lin, 824. 
‘MINERALOGY Discussion: James Chinn, and. "Mark 
See under relative. subject, W. Huggins and Watone L. Lin, 842. 
SOILS VED! “Simplification of Design by Ultimate 
MINERALS Strength Procedures,” Phil M. Fer- 
We 
See under relative technical subject, guson (with discussion) , 
CONCRETE; MATERIALS. Modulus: for -Laterally Loaded 
Ss OF CONST RUCTION; WATER, | Piles,” Bramlette McClelland and 
DEMINERALIZATION OF (cross John A. Focht, Jr. (with discus-_ 
MODELS,HYDRAULIC == MOORINGS AND MOORAGES, 
“Conduits,” Victor L. Streeter, 883. See DOCKS AND WHARVES __ 


Sewer Interchange,” ” Alfred Inger- MARSHES; PUBLIC HEALTH © 


and Hajime Tanaka, 908. 

othe 
4 “Mechanics of Streams with Movable MOTOR TRAFFIC 


of Fine Sand,” Norman H. See TRAFFIC... 

Brooks (with discussion), 526. MOTOR TRANSPORTATION AM 

Viscous Sublayer Along a Smooth HIGHWAY TRANSPORTA- q 


Boundary,” Hans A. Einstein and TI 
Huon Li (with discussion), 293. wa TRUCKING 


“Earthquake Resistance of Rock-F Fill See ON: STREET “TRANSPOR. 


Dams,” Ray W. Clough and David 


‘Load Distribution i in Highway Bridge 
Decks,” Arnold W. Hendry and Les- VEHICLE ACCIDENTS 
— lie G. Jaeger (with discussion), 1214. See HIGHWAYS A AND ROADS— 7 


Models,” Otakar Ondra (with dis- MOTOR VEHICLES 
TRAFFIC... ; WHEEL LOADS 
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SUBJECT — 


MULTI- PURPOSE. PROJECTS 


‘PROJECT (RIVER PROJECTS) ; 
VALLEY AUTHORITIES 


See. RESERVOIRS, MULTI-PUR- 
(cross reference thereunder) 


MUNICIPAL ENGINEERS AND 


“aviad tig 
See CHANNELS; WATER, FLOW 
OF, IN OPEN CHANNELS 


SIZ CLA 


lated subject, 


WASTE 


See ENGINEERS AND ) ENGINEER- 
ING; see also AIRPORTS; 
BRIDGES; CITIES; COSTS. 

DRAINAGE: 

FILTRATION... ; HARBORS; a 
a INDUSTRIAL...; POWER...; 
PUBLIC HEALTH; SANITA-| q 
TION (cross references thereunder) ; 


; SEWERS; TRAF- 
Bac. WATER. and similar ¢ 
relative subjects 


NAVIGATION 


NELS; DAMS...; 
TRONIC INSTRUMENTS: 
FLOODS; HARBORS; LAKES; | 
LOCKS; MULTI-PURPOSE 
PROJECTS (cross references there- : 
under); RIVERS; RIVER VAL- . 
AUTHORITIES; WATER 
RIGHTS; WATER TRANSPOR-. 
TATION; WATERWAYS)” 


See TERMINOLOGY 
NONUNIFORM FLOW 
See WATER, FLOW OF... 
See WATER, FLOW OF, THROUGH _ 


py ORIFICES DAA 
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See INDUSTRIAL | WASTE; IN- 
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~ See VIBRATION RECORDING | AP- 
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ag CORROSION AND PROTEC- 


TION OF METALS 
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Streams,” Donald J. O’Connor and 
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PIN-CONNECTED TRUSSES _ 


PIRZOMETERS eavaw #20 


‘PLASTICITY 


See GAGES, PRESSURE Ww See also_ ELASTICITY ; 


DRIVERS (machinery) 
_ See PILES AND PILE DRIVING 
PILES AND PILE DRIVING | 
See also BEARING CAPACITY; 
i: FOUNDATIONS, UN DERWA- 
TER; STRESS AND STRAIN— 
_ Formulas used in pile testing on struc- 
ture on Old River, | 
their relation to failure loads, 737. 


Loess formations and their effect on 
‘driving efficiency, 177 


“Qld River Diversion Control” : 


_ Symposium, John R. Hardin; Eu- 


A. Graves; Willard J. Turnbull ‘Plastics : 


and Woodland G. Shockley; and 
Norman R. Moore, 1129, 


“Pile Tests, Low- Sill Structure, Old 
River, Louisiana,” Charles I. 
sur and Robert I. Kaufman, 715. 
Discussion: Yoshichika Nishida; 


Stanley F. Giziensid- 


Mansur and Robert I. Kaufman, 744. 
PLATES 


“Soil Modulus for Laterally ‘Loaded 
Piles,” Bramlette McClelland and 
A. Focht, Jr. (with th discus- 


a See eles PIPES AND PIPING 


PUMPING; TRANSPOR- 
TATION; WATER, FLOW OF, 


IN PIPES 


DE corrosive liquids and their advan- 
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PIPES AND PIPING (fluid convey- — 

CONDUITS; -~CORROSION © 
‘PROTECTION 

PIPE LINES; SEWERS; TUN 

NELS, WATER; WATER, FLOW 
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TRANSPORTATION 
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Plastics applied in pipe lines used = 


‘Bibliography 
Comprehensive sources available 


‘POLLUTION, STREAM | 


gon, 1275. 
d 


_AND STRAIN Pat 
“Minimum-Weight Design of a Portal 
” William Pra; with dis- 

Pressure- Line Concept for 
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discussion), 1039. 
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POWER PLANTS AND MODELS 
California NSDL, 4). See MODELS ~C 
“Morro Bay Steam Electric Plant PUBLIC HEALTH 
ty See also SANITATION (cross refer- 
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Moore eorge ordy; and 
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oess deposits as affected by rainfall, _ WATER DIVERSION; “WATER © 
— AERATION RESERVOIRS, FLOOD CONTROL 


AERATION Buford s function at. Apa 
‘RECLAMATION, sac lachicola River Basin project, 978. 
SEWAGE DISPOSAL; SEW- RESERVOIRS, MULTI-PURPOSE 

“AGE, UTILIZATION OF (cross COSTS, RESERVOIR (MULTI. 
‘reference thereunder) PURPOSE RESERVOIRS) 
RECLAMATION, WASTE WATER. RESERVOIRS, , WATER STORAGE 


ss See WASTE WATER, UTILIZA- “Effects of Storage Impoundments on 
TION “OF (cross reference there- Water Quality,” A. Churchill, 
a 


‘RECORDING APPARATUS Temperature aspects in to wa- 
under general types of apparatus, ter quality, 427,00 
APPARATUS; see also under rela- See MEBRATION» 
RECORDING INSTRUMENTS ——Se_also. BULKHEADS; EARTH 
See under relative subject PRESSURE; “EARTHWORK 


_ (cross ‘references thereunder) ; RE- 
"RECORD KEEPING “VETMENT: SEA WALLS 


See HYDROGRAPHS...; see also « 
 ING...; also under relative subject REVETMEN 


BEACHES _ (cross references 


thereunder) ares 
REDUNDANCE, ‘STRUCTURAL Thorndike Saville, Jr., 139. 


bi See STRUCTURES, THEORY OF RIGHTS OF WAY “(land strips) 


_ REGIME THEORY also COSTS, RIGHT OF WAY; 
See SILT AND SILTING... ROADS 
REGIONAL PLANNING Proper time of purchase for highway 
HIGHWAYS ROADS— gonstruction and expansion, 865. 


_ REINFORCED CONCRETE See RIPARIAN RIGHTS 
RELIEF WELLS See WATER RIGHTS. 


2 
"See WELLS. ‘RIGID FRAMES 
also HYDRAULIC ‘LABORA- owner abutting waterways and public 
_MODELS, HYDRAU- right of navigation, 933. 
Court rulings affecting riparian 
___ problems, 961.0 
RIPRAP (stone protection layer) 


trial processes, 1027, 
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See EROSION, STREAM; River Diversi 
FLOODS; GROINS; LEVEES; Symposium, John R. Hardin; 
 REVE TMENT; RIPARIAN gene A. Graves; Willard J. Turnbull 
RIGHTS; SILT ‘AND SILTING, Woodland’ G. Shockley; and iy 
‘Norman R. Moore, 1129. 


ia 


See DRAINAGE; at RAINFALL; Hoover Dam erection and its effect on 
RESERVOIRS... ; RIVER VAL- _sediment_load, 544,558 

LEY AUTHORITIES; VALLEYS Mississippi Vinee 
RIVER CHANNELS» River Diversion Control”: 
Symposium, John R R. Hardin; Eu- 

A. Graves; Willard J. Turnbull 

_ RIVER DELTAS = = Woodland’ G. Shockley; and 
“A Floodway for Houston, Tex, Norman R. Moore, 1129.0 


See WATER DIVERSION 


cussion), 715. 
Sediment transport on 


4 

Omaha, Nebraska, 543, 560,594. 

_ RIVER POLLUTION Old River, La. 

WATER POLLUTION ‘Old River Diversion Control”: A 
RIVER RECTIFICATION Symposium, John R. Hardin; Eu- 
oe E EGULATION gene A. Graves; Willard J. Turnbull 

«See R REGULA (cross y and Woodland’ G. Shockley ; 

reference thereunder) ; see also other Norman R. Moore, 1129, 
_ related RIVER... . subject — “Pile Tests, Low-Sill Structure, Old 
RIVER REGULATION = River, Louisiana,” Charles I. Mansur 
See BARS (alluvia); FLOOD and Robert I. Kaufman 

ROUTING; RESERVOIRS, WA- cussion), 715. 

RIVERS; RIVER “Bridge Clearances”: Sy ymposium, 

THORITIES; WATER DIVER-— Eugene W. Weber, Walter 

SION; WATER, FLOW OF, IN William E. Cleary, Nickles L. Ca- 

«SSN CHANNELS ruthers, and Erhard E. Dittbrémer, 
also BARS (alluvia) ; BRIDGE RIVER TRANSPORTATION 

1GHANNELS; COSTS; See WATER TRANSPORTATION 

DRAINA RIVER VALLEY AUTHORITIE 

river); VALLEYS 


FLOOD ROUTING; FLOODS; 
HYDRAULIC -LAB- “The Apalachicola River Basin Proj- 


ect,” Clement P. Lindner, 973, 
STREAM FLOW; HYDROL- ‘Effects of Storage Impoundments on 
OGY; LEVEES; LOCKS; MOD- Water Quality,” Milo A. Churchill, 
On PURPOSE PROJEC TS (cross ref- “Friction Measurements in the Apa- 
erences thereunder) ; 3 RAINFALL; a lachia Tunnel,” Rex A. Elder, we 
RESERVOIRS.. RETAINING _ RIVER VALLEYS 
AND 'SILTING, CHANNEL; _RIVETED JOINTS 
main classes of ‘differen- See CONNECTORS 
tiated, 106, NECTIONS 
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eg. ‘HIGH- “Reclamation 
‘ype HIGH. iM lob and Robert G. Butler (with dis- 
ad (cross reference thereunder) 116. 


See HIGHWAYS ‘AND: ROADS BARS (alluvia) 
ROCK-FILL DAMS SAND DUNES 
See DAMS, ROCK-FILL BARS (alluvia); BED LOAD 


(cross references thereunder) 


ROLLING STOCK 
WHEEL LOADS SANITATION 
See COSTS, INDUSTRIAL 


pt 

ROOFS AND ROOFING WASTE; FILTERS AND FIL. 

; AND FLUES; TRATION ...; HOUSES—Drain- _ 
‘TRUSSES 4 age; INDUSTRIAL WASTE; 
PUBLIC HEALTH; SEWAGE | 

DISPOSAL; SEWAGE SLUDGE; 
See FRICTION SEWERS: TANKS, SEPTIC: 


ROUGHNESS FACTOR WATER LAW; WATER POL- 


TUNNELS, WATER Water TREATMENT 
FLOOD ROUTING» £., 


_ RUNOFF (General) 


RUNOFF (Geographical) technology, 150 year period, 1275. 4 


United States SCIENTIFIC SOCIETIES 


Joseph See AMERICAN SOCIETY OF 
‘BIO. oT CIVIL ENGINEERS; SOCIE- 
SAFETY (General) ‘TIES, TECHNICAL (cross refer- 
- See EARTHQUAKES; FIRE PRO- ences thereunder); see also ENGI- 
TECTION (cross reference thereun- NEERS AND 
der); HIGHWAYS AND ROADS scour 


"See EMPLOYEES AND EMPLOY- SCREEI 
MENT; SAFETY (cross references See WELLS 
SAMPLING See also OCEAN _(cross references 
See under relative ‘material, eg, thereunder) ; WATER. 


See al BARS (all COSTS, _ erence thereunder) ; SHORES AND 
RS, (alluvia) PILE SHORE PROTECTION; WAVES 
DRIVING; SEDIMENT AND SEAPORTS 

AND SILTING, CHAN- SEA 1 Vi 
NEL; SOILS; WATER, FLOW SHORE 
OF THROUGH SAND (cross ref- See SHORES AND SHORE PRO- 
“Laboratory and In-Situ Permeability SEA WALLS IOV Ae Ad 4 
= Sand,” Charles I. Mansur, 868. _ » See also COSTS, SEA WALL; RE- 


“Mechanics of Streams with Movable TAINING “WALLS; SHORES 
of Fine Sand,” Norman AND SHORE > PROTECTION; 
_ Brooks (with discussion), 526. a WATER PRESSURE; ; WAVES 
‘Sampler usage for varied grain Harrison County Arti- 
and widely graded sands, 880, Francis F. Escofhier, 
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‘SEA WALLS (Continued) SLUDGE 


g 
“Wave Run-Up on Shore Struct es,” also 


“Hydraulic Model Study of 


Sewer Interchange,” Alfred C. Inger- 


TION 


“Design of Stable Canals and Channels 
in Erodible Material,” Pete W. Ter- 4 See SPREADING, WATER 


and Whitney M. Borland, 101. SEWAGE TREATMENT | 


See also GROUND WATER SEWAGE, UTILIZATION OF 


“Laboratory and In-Situ Permeability See WATER ORAGE 
iwe of Sand » Charles I. Mansur, 868. WORKS 
_ Lysimeters in Waste Water Rec- SEWAGE DISPOSAL reracildiG 
lamation Studies,” Gerald tlo » 
Robert G. Butler (with discus- ay to dlade 


ld 
SEPTIC TANKS AALIOMIE Wastes,” Julian R. Fleming, 595. 
See TANKS, SEPTIC See also HOUSES (places of abode) 
SETTLEMENT OF STRUCTURES Drainage; PIPES AND PIP- 


BEARING CAPACITY; EART ING (cross references thereunder) ; 


PRESSURE; FOUNDATIONS; ; WATER, 


SEWAGE COLLECTION ba" “An Improved Dilution Method for 


See also FILTERS AND FILTRA- Los Angeles, Calif. _ wel 
TION, SEWAGE; INDUSTRIAL “Hydrauli 4 a. 
Ww ASTE; PIPES AND PIPING ~ el Study of Hyperion 
Hows a "Bearing- Ratio Effect on Strength of 
a “Developments in Septic Tank Sys- “a Riveted Joints,” Jonathan Jones, 964. 
tems,” John E. Kiker, Jr., 77. “Hydraulic Model Study of Hyperion . 
“Hydraulic Model Study of Hypetion Sewer Interchange,” Alfred C. 
Interchange,” Alfred C. soll and Hajime Tanaka, 908. 
soll and Hajime Tanaka, 908. a “Mechanics of Streams with Movable 
SEWAGE DISPOSAL (Geograpical) Beds of Fine Sand,” Norman H. 
Tenn. AD Brooks (with discussion), 526. 


eae rial “Shells of Double Curvature,” Alfred 


“Municipal Ordinances for Industrial 
Wastes,” Julian R. Fleming, 595. L. Parme (with discussion), 989. 


om Simplification of Design by Ultimate 
SEWAGE DISPOSAL Strength Procedures,” Phil M. 
“Municipal Ordinances for Industrial guson (with discussion), 602. 
Wastes,” Julian R. Fleming, 595. “Soil Modulus for Laterally Loaded 
"SEWAGE F FILTERS AND FILTRA- Piles,” Bramlette McClelland and 
See FILTERS AND FIL TRATION, 104% 

“The Viscous Sublayer Along a Smooth 


RECLAMATION Boundary,” Hans A. Einstein 
SEWAGE DISPOSAL: Huon Li (with discussion), 293 


AGE, UTILIZATION OF ‘SHEARING 


See also ‘SILT AND SILTING. 
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See under wr type, eg., WATER 
SHEDS (cross references thereun-_ 
a See also CHIMNEYS AND FLUES; | 

FLUMES; PIPE LINES; PIPES 

PIPING (cross references 
THEORY OF STRUCTURES, 


HEORY OF—Shell Structures set 


Use of hyperbolic paraboloid as a struc- 
ture, 989, 1015, 1016, 1018. 


Shells of double curvature, 1012. wae 


SHIP MOORINGS AND MOOR- 
See DOCKS AND WHARVES 


SHIPS AND SHIPPING 


IMPACT; 


WATER WATER, FLOW OF, IN OPEN | 


See “EARTHQUAKES; 


“VIBRATION FRICTION 


SHORES AND SHORE PROTEC. 
TION (lands adjacent to lake, ocean 
or sea water) ahd 
See also BREAKWATERS; ERO- 
SION, BEACH; JETTIES; RE- 


See also RIVER DELTAS 


“Design of Stable Canals and Channels 
in Erodible Material,” Pete W. Ter- 


ell and Whitney M. Borland, 101. 
usage in stable 


Formulas and their 
channel design, 195. 
“Mechanics of Streams with Movable 
al Beds of Fine Sand,” Norman H. 

Brooks, 526. Discussion: Thomas 

Blench; James R. Barton; Hans A. 

_ Einstein ‘and Ning Chien ; Enos J. 

Carlson and M. Gamal Mostafa; 
Hsin-Kuan Liu; Pin-Nam Lin; and 
Norman H, Brooks, 550. 
Misunderstandings of the regime ‘the-- 

“Sediment- Transport Mechanics in Sta- 

 ble-Channel Design,” Emmett M. 

Laursen (with discussion), 195. oho 


SINGULAR POINTS, THEORY OF 7 


ut. 


"See STRESS AND STRAIN—SI: 
STRUCTURES, THEORY 


SLIDE GATES 


TAINING WALLS; ~ SAN See WATER GATES, MOVABLE 
DUNES (cross references thereun- SLIPS AND (movement 


neal der); WAVES; 
“135 BANKS AND BANK PROTEC- 
TION (cross references thereunder ) 


County (Mississippi) Arti- 
ficial Francis F. Escoffier, 
_ Sanitizer usage for beach cleaning, 823. 
‘SIDEWALKS 
4 See CONCRETE | 
4 


River Diversion Control”: 


4 a Symposium, John R. Hardin; Eugene 

s A. Graves; Willard J. Turnbull and 

Woodland G. Shockley ; and 
= Moore, 1129. 

“Pile Tests, Low- Sill Structure Old 


River, Louisiana,” Charles I. “Mansur oo 


be 4 and Robert I. Kaufman (with dis- 


SLOPING CHANNELS 


see also of surfaces) 


SLOPES, EARTH 


See JOINTS, RIVETED 


DAMS, EARTH; EARTH- 


WORK (cross ‘references thereun- 


SLUDGE, SEWAGE 
See SEWAGE SLUDGE 


See also FLUMES 

in Hydraulic Gate Design,” 

w A. Buzzell (with discussion 


SMOKESTACKS 
CHIMNEYS AND FLUES" 


also AGGREGATES AND AG- SOCIETIES, TECHNICAL 


GREGATION; PILES AND PILE 
DRIVING; RIVER DELTAS; 


SEDIMENT 


_ TION 


See AMERICAN _ SOCIETY OF 
CIVIL ENGINEERS; ENGI-. 
_NEERS~ ENGINEERING; 


under subject 
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SUBJECT INDEX 
also. EARTH... GROUND. mon C, Reese; Eugene A. Ripperger 


Hudson Matlock ; and Bramlette Mc- 
th uds 
. (cross re John A. Focht, Jr., 


CORROSION AND PROTEC- “Gon” Willard Turabull van 
TION OF. tion,” Willard J. Turnbull and 
Gerald A. Leonards; John A. Focht, 
 Jr.; Edmund J. Zegarra; Kazu u0 


Hirashima; and Willard J. . Turnbull 
and Charles R. Foster, 16. > eal 


TRANSPORTATION 


EVAPORATION; SOLIDS, FLOWOF 
GROUND.. LAND. _ TATION: SILT AND SILTING 
references thereunder) ; WATER, FLOW OF, IN 
SAND; SEDIMENT AnD OPEN “CHANNELS; WATER, 
AND SILTING...; SPREA 
BASINS AND STRAIN PRESSURE TRANSMIS- 
—Sous; @iso under name or soil 
e.g., DAMS, ROCK- ‘See EARTH PRESSURE 


4 Behavior of five typical pervious ae 
ul cultural soils under water and sew- 


tures as related to subsurface condi- See HIGHWAYS AND ROADS— 


“Pile Tests, Low-: Sill Structure, Old 
Charles I. Mansur SPILLWAY GATES a 


River, Louisiana,” 


Robert I. Kaufman (with « See SPILLWAYS 
eussion), 71S. SPILLWAYS (General) 
Tests and Testing TA q See also DAMS; DROP-DOWN 
“Experiences with Loess As F oundation: (cross references thereunder) 
Material,” William A. Clevenger “Anchorages for Large Tainter Gates,” 


in Hydraulic Gate Design, 
ow A. Buzzell (with discussion), 


ay gene A. Graves ; Willard J. Turnbull 

Norman Moore, 1129. ‘ 

Percolation test procedure and pur- SPILLWAYS (Geographical) 


Symposium, John R. Hardin; 


“Soil Lysimeters in Waste Water Rec- “Old River Diversion Control”: A. 
 lamation Studies,” Gerald T. Orlob John R. Hardin; Eugene 
Robert G. Butler (with discus- Graves; Willard J. Turnbull and 
G. Shockley ; and Norman 

“Soil Modulus for Laterally Loaded Moore, 1129, 

° Piles,” Bramlette McClelland and “Pile” Tests, Low- Sill Structure, Old 
John A. Focht, Jr., 1049. Discus Louisiana,” Charles I. Mansur 
sion: Ralph Reuss; “Ralph: 
Melvin T. Davisson, and Vello 
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between field basin and laboratory 
 lysimeter testing, 137, 138. 4 
"SPREADING, WATER 
COSTS, | 
(WATER SPREADING) 
Lysimeters in Waste Water. Rec- 
_lamation Studies,” Gerald T. Orlob 
tow: and Robert G. Butler, 116. Discus- 
sion: Ralph Stone; and Gerald T. 
Orlob and Robert G, Butler, 197. 
See BUCKLING; ‘HYDRODYN AM- 
ICS; SOIL. ; STRUCTURES, 


Soil and gas condition variances exist- —— 


“Moment- Distribution Constants from 


ay 

Models,” Otakar Ondra (with dis- 

“Plastics : Engineering Materials,” 


Howard Adams, 511, 
“Truss Analysis by Stiffness Consid- 
erations,” Harold C. Martin, 1182. 
See WATER, FLOW OF, IN OPEN 
See RESERVOIRS... ; WATER j 
STORMS oly 


WOT 
See CHIMNEYS AND FLUES 

See ENGINEERS AND ENGINEER- 


ING—Professional Relationships 


STATICALLY INDETERMINATE 


SEWAGE DISPOSAL;  SEW- 
STRAIN LV By OR) 
See STRESS AND STRAIN 


See GAGES, STRAIN, 


STREAM CONTAMINATION 


STRUCTURES, "See WATER POLLUTION 


«See under relative type of station, e.g., 


“EVAPORATION STATIONS: EROSION, STREAM 
also cross reference under TERMI- 


alee NALS; see al also under relative sub- 


STATISTICS 


See under relative 


(General) 
See also ALLOY 
thereunder) ; YS. Cerone AND 


See WATER, FLOW OF, IN OPEN wf 


RIVERS and cross references 


thereunder 

STREAMS, FIRE | 
See WATER, FLOW OF, THROUGH 


D STREETS (General) 


_ PROTECTION OF ONSTRUC, BRIDGES ; ; CONDUITS; 


PACT; MOTOR. .. (cross refer-_ 
ences» thereunder) ; PIPES AND 


thereunder) ; REINFORCED CON- PIPING (cross references thereun- 


CRETE (cross _Teference thereun- 

der); STRENGTH OF MATE 
RIALS; STRESS AND STRAIN 
_—Steel; also under special structure 
al (og or structural part, e. g., BRIDGES 


der); SIDEWALKS ‘(cross refer- 
thereunder) ; WHEEL LOADS 


STREET TRANSPORTATION 
See TRANSPORTATION; WATER 
‘bat FRONT (cross ‘references thereun- 


‘Bearing-Ratio Effect on Strength of STRENGTH OF MATERIALS 


_ Riveted Joints,” Jonathan Jones, 964. 


“Plastics: Engineering Materials,’ 


also FAILURES...; STRESS 
STRAIN; also “under specific 
material (see list of materials under 


ist 

_“Simplification of Design by Ultimate 
"Strength Procedures,” Phil M. Fer- 


STIFFNESS 


“Behavior of Riveted Truss-T ype Con- 


Distribution in Highway Bridge nections,” Eugene Chesson, Jr. and 
Decks,” Arnold W. Hendry and Les- ‘William Munse (with discus- 


lie G. ‘Jaeger (with discussion ), 
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STRENGTH OF MATERIALS _ ‘Piles 
“Soil Modulus for Laterally Loaded 
“Plastics: Engineering Materials,” Piles,” and 


Howard Adams, 511. mis A. Focht Jr. (with discussion), 


Simplification of Design by ‘Ultimate a Plastics OAD: KOT. 


bark Strength Procedures,” Phil M. Fer- 
guson, 602. Discussion: Tung Au; Creep 


Herman S. ‘Schick ; Zdenek Sobotka ; Plates. also BUCKLING 
“Behavior of Riveted Truss-Type Con- 
nections,” Eugene Chesson, Jr. and 


STRESS J AND STRAIN (General) William H. Munse (with 


also EARTH PRESSURE; __ sion), 1087, IAAUTIUATE 
FAILURES... Moments in Flat Slabs, Mark Ww. 
STRAIN; IMPACT; MOMENTS; __-Huggins and Watone L. Lin (with 
STRUCTURES, THEORY OF; “Soi! Modulus for Laterally Loaded 
TEMPERATURE; VIBRATION ; tag Piles,” Bramlette McClefland x 
WATER PRESSURE ; WAVES; 7 John A. Focht, Jr. (with discussion), 
cific type of stress, eg., B - } 
“Behavior of Riveted Truss-Type Con-_ 
Bridges, Girder nections, Eugene Chesson, Jr. and 
“Dynamic Stresses in Continuous Plate- William H. Munse (with discus- 
Girder Bridges,” Roy C. Edgerton sion), 1087, 
Gordon W. Beecroft, 266. Dis- Structural Materials. See Materials 
cussion: Robert K. L. Wen; and Roy of Construction (hereunder) 
Edgerton and Gordon W. Bee- Structures (General) 


Connectors: and Connections River, Louisiana,” ” Charles I. Mansur 
J “Behavior of Riveted Truss- Type Con- and Robert. I. Kaufman (with dis- 
nections,” Eugene Chesson, Jr. ied cussion), 715. youn STIUAT2 
_H. (with “discus- and Trussed Structures 
“Behavior of Riveted Truss-Type Con- 
Curved Structures. nections,” Chesson, Jr. 
TURES, William H. Munse (with discus- 


Water Gates, “Movable. AAV TIVATS 


‘Moments in WwW. ‘Anchorages for Large Tainter Gates,” 
and Watone Lin Alexander H. Kenigsberg (with dis- 

‘Moments in Flat Slabs,” Mark w. don. 


Huggins Lin STRUCTURAL ANALYSIS. 
4 “Bearing: Ratio Effect ‘on Strength ot _ ORY OF; TRUSSES. 
a) Joints,” Jonathan Jones, 964. STRUCTURAL DYNAMICS _ 
Materials of Conateuction. . See EARTHQUAKES; VIBRATION 


het “Plastics: Engineering Materials’ STRUCTURAL ENGINEERS AND 
Howard Adams, 511.0 ENGINEERING 
“Simplification of Design by Ultimate TURES also under 
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STRUCTURAL JOINTS STRUCTURES, ‘THEORY OF (Gen- 

See also STRESS AND STRAIN; 


% also under type of structure or struc * 
"tural part 2G 


MATERIALS OF CONSTR RUC- 


Concept of the pressure line as a method 
STRUCTURAL MEMBERS of solving problems, with specific ap- 


wh 
See MEMBERS, RAL plications cited, 1039, 1046, 1047, 
(cross references thereunder) “Moment-Distribution Constants from 
STRUCTURAL MODELS ” Otakar Ondra diss 
See MODELS, STRUCTURAL cussion), 318 


‘ STRUCTURAL REDUNDANCE A procedure of analysis fox complex 


~ with its advantages: evalu- 
See STRUCTURES, THEORY OF ated, 1182, 1183, 1190, 1194. + 


STRUCTURAL STEEL Beams and Girders, Continuous 


SeeSTEEL “Load Distribution in Highway 
ecks,” Arno endry and Les-— 
STRUCTURES lie G. Jaeger (with discussion), 1214. } 
references thereunder); SSS in Highway 
OF CON STRUCTION; anes Decks,” Arnold W. Hendry and 
MODELS, STRUCTURAL; awd lie G. Jaeger (with discussion), 
en STRENGTH OF M “A Pressure-Line Concept for Inelastic _ 
RIALS; STRESS AND STRAIN; Frank Baron 
STRUCTURES, _ THEORY OF; cussion), 1039. 
‘VIBRATION; also under 


type of structure or related subject Curved Structures 
under ‘of struc- “A Pressure-Line for 
= . CURVED STRUC- Bending,” Frank Baron (with dis-_ 

TURES (cross reference thereun- cussion), 1039. DONS 
der); SHELL STRUCTURES “Shells of Double Curvature, ” Alfred 

J, ‘Wave Run-Up on Shore Structures,” L. Parme (with discussion) , . 


Thorndike Saville, Jr., beta Earthquake Problems io. 


Dams,” Ray W. Clough and David 
See CURVED STRUCTURES Pirtz (with discussion), 792. 
STRUCTURES, DROP Saeoireee _ Frames (General). See also BEAMS; 


Se rae 7 Beams and Girders . . (hereunder) ; 
STRUCTURES, HYDRAULIC 


(cross reference thereunder) Pressure- Line for Inelastic 4 


Frank Baron, 1039. 
SOIL.. Girders, “Continuous. See Beams and 
‘STRUCTURES, SHELL ans Girders, ntinuous (hereunder) 
See SHELL STRUCTURES and Tests 


‘Sippel 
C “Simplification of Design by Ultimate 
STRUCTURES, SPACE Strength Procedures,” Phil M. Fer- 
See SPACE STRUCTURES (cross (with discussion), 602. 
STATICALLY IN- “Shells of Double Curvature,” Alfred 
q RMINATE Aa Parme, 989. om Discussion: ‘Tung 
STATICALLY INDETERMI- 


at W. Watters Pagon; Santi P. 
STRUCTURES (cross ref- Banerjee; Mario G. Salvadori; onal 


erence — Alfred L. Parme, 1014. ra 
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‘SUBJECT ‘INDEX 


STRUCTURES, THEORY OF (Gen- Lo | SURVEYS | AND 


“Load Distribution in Bridge 


Decks,” Arnold W. Hendry and Les- 


SURVEYING, 
of Public Roads Experiences 
in Highway Survey William T. 


G. Jaeger (with discussion), 1214. LOAD 


‘Trusses a and Trussed Structures 4 


“Truss ‘Analysis by Stiffness Consid- 

erations,” Harold Martin, 1182. 

STRUCTURES, TRUSSED | & 
See STRUCTURES, THEORY OF 

 =—Trusses and Trussed Structures; 

STRUCTURES, UNDERGROUND 
See UNDERGROUND STRUC- 
TURES (cross references thereun- 


SUB.. as YSOSRT 


LAND SUBMERGENCE (cross 
reference thereunder) = © 
See CONCRETE; -EARTHWORK> 
“Ss ‘(cross _ references 
FOUNDATIONS. 
eS, TUNNELS: 
; TUNNEL 


ref 


See WATER SURFACE EVAPO- 
BATION (oom them 
SURFACE PROFILES 
WATER SURFACE PROFILES 
(cross references thereunder) 
SURFACE RUNOFF #37323}. 
See RUNOFF 


SURFACES, SLIPPAGE OF 
SLIPS AND SLIPPAGE (move- 
ment of surfaces) (cross reference 
(research data) 
under relative subject; see also” 


also” “under 
e. 


wen" See STRESS AND STRAIN 


See SEDIMENT AND SEDIMEN- 
_ TATION; SILT AND SILTING 7 ¥ 


ce under subject, e.g. 


STRUCTURES, 
TAINTER 


See WATER GATES, MOVABLE 


‘TANKS (General) 


See also STILLING BASINS (cross 
Feference _ thereunder); WATER, 
FLOW OF, IN OPEN CHAN- 
TANKS, SEPTIC... 
Detergent effects on septic tank 
tems, and need of research, 81. _ 7 
“Developments in Septic Sys- Es 
tems,” John E. Kiker, Jr, 77. 
TECHNICAL SOCIETIES 
AMERICAN SOCIETY 
CIVIL ENGINEERS; ENGI- 
NEERS AND ENGINEERING; 
under relative subject 
TEMPERATURE (General) 


See also EVAPORATION 


Effect of temperature on the re- aeration 


coefficient of molecular ‘diffusivity in 

natural streams, 656. 

“Mechanics of Streams with Movable 
Beds of Fine Sand,” Norman H. 
ie Brooks (with discussion), 526. oe 

“Plastics: Engineering Materials,” C. 


_ Howard Adams, 


TENNESSEE VALLEY AUTHOR. 
‘See RIVER VALLEY AUTHORI- 
‘TENSILE STRESS 


bode? 


COSTS, SURVEY AND 'TENSIOMETERS ROT ARGS! 
VEYING; PROPERTY (landed “See GAGES, PRESSURE CF 


property)” (cross references there- 


ject, eg, HIGHWAYS AND 


STRUC. TURES, THEORY 


under) ; see also under relative sub- TENSION AT. 


STRESS AND STRAIN; 
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FREIGHT TERMINALS; Wa- 
TER TERMINALS; see also | “cross 
= references under STATIONS © 


TERMINOLOGY (Arranged hereun- 

a der by specific or comprehensive sub- 

ject word when possible) 


te 


8 SUBJECT INDEX 


TORSION; WATER, FLOW OF 


... 3 also under material, structure or — 
i structural part tested, SOILS—_ 

Tests and Testing 
See cross references hereunder 

- under ANALY SIS OF DATA; see a 
STRUCTURES, | THEORY 
OF; see also under relative subject 


its relative science, eg., HY- 
-DRAULICS: MATHEMATICS; 


a0 WATER, | FLOW OF, IN OPEN 


Civil engineering as defined in 1828 by CHANNELS 
Institution of Civil Engineers (Lon- 


Dams. (Rock-fill dam defined), 792. 


Highways and streets. (Limited ac- 


Hydrodynamics. (Smooth, plane or 
flat with special meanings), 
551, 
“Multi- water project cost allo- 
gation defined, 85. 
Quantitative definition re- 
garded as lacking), 1208. 


(Perennial and ephemeral ‘as 
natural stream classes), 106. 
Soil “al (Coverage as 
Soil stabilization term variations 
Streams as defined by United States 


Cane r a 


‘THEORY OF BOUNDARY LAYER | 
See BOUNDARY LAYER, THE- 


OF (cross reference there- 
cess facility defined), 481. 


THEORY OF ELASTICITY 


OF FINITE DIFFER-_ 


MATHEMATICS 
THEORY OF LIMIT DESIGN 
See LIMIT DESIGN, THEORY OF | 
THEORY OF PLASTICITY 


See PLASTICITY 
THEORY OF SINGULAR POINTS | 
_ See WATER, FLOW OF, IN OPEN i 
CHANNELS 


A 


THEORY OF STRUCTURES 


ue 

Supreme Court, 961. = See STRUCTURES, THEORY OF 
wane flow. (Dominant discharge de- THEORY OF E 
fined in several ways), 113. 


LTIMAT 


"STRENGTH 


Water flow. (Eddy diffusion or teed See STRENGTH OF MATERIALS» 


transport defined), 648. 


wh 


Water flow. (Transition profile, transi- See PLASTICITY ong a3 A 


tion depth, transition discharge, and 


under use, material, structure or 


“BUCKLING; ELASTICITY; 
FAILURES. IMPACT; LAB- 
RATORIES (cross references 
thereunder); MODELS...; 
SHEAR; STRENGTH OF MA- 

TERIALS; _ STRESS AND 


ORY and Tests; 


STRAIN; STRUCTURES, 


~ 
| 


_ THEORY, REGIME 


See REGIME THEORY (cross refer- 
_encethereunder) 


THERMOPLASTIC MATERIALS 


See PLASTIC MATERIALS 
45112 


“See under relative structure, structural 


See HIGHWAYS AND ROADS 


HAAS 


See under general types of tools or 
usage; also cross references under 
APPARATUS; INSTRUMENTS; 
MACHINERY 
See MAPS AND MAPPING (Gen- 
eral) (cross reference thereunder) 


MAPS AND MAP- 
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similar terms in relation to and 
flow), 43, 45, 59, 63, 65. 
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‘TORSION 
“Load Distribution in Highway Bridge 


See purl type of €.g., RAlL- TRANSPORTATION ‘4 
- ROAD TRACKS (cross references See also BRIDGES ; CANALS ; 
"TRADE WASTE 
_ See INDUSTRIAL WASTE FA'TiGN; PIPELINES; RAIL... _ 
(General)...  (eross references thereunder) ; . 
FREIGHT (cross reference ERS; SOIL TRANSPORTATION _ 
thereunder) ; HIGHWAYS AND (cross references thereunder) ; TER- 
ROADS—Safety ; TRANS PORTA- MINALS “(cross references there- 
‘TION; "WHEEL LOADS der), TRAFFIC; WATER 
“TRAFFIC ACCIDENTS TRA TA 
Gites Importance of integration and coordi- 
nation recognized for all types of 
Transportation Planning”: A Sympo- 
sium, Roger H. Gilman, ‘Wilfred M. 
Post, Jr. and Burton W. Marsh, 359. 
TRAFFIC, EXPRESSWAY __ _ TRUCKING 
og TRAFFIC, AND ROAD TION (cross references thereunder) 
ee See also HIGHWAYS AND ROADS TRUSSED STRUCTURES AaGuU: 


—Location ; HIGHWAYS AND _ See STRUCTURES, THEORY OF 
ROADS—Safety ine“ —Trusses Trussed Structures ; 
“Control of Highway Access”: A __ TRUSSES... 

posium, Curtis J. Hooper, Bertram TRUSSES (General) 

Tallamy, Dewitt C. Greer, Carl See STRESS AND STRAIN—Trusses 

-Vogelgesang, Hugo H. Winter, 


and Trussed Structures; STRUC- | 
and Ralph A. Moyer, 465. a TURES, THEORY OF—Trusses 
TRAFFIC, WATERWAY and Trussed Structures 


Inland waterway traffic growth changes, _ TRUSSES, PIN- CONNECTED 


951. Truss Analysis by Stiffness Consid- 


Traffic in the Atlantic Ocean, 950. erations,” Harold C. Martin, 1182, 


See SHIPS AND ) SHIPPING (cross Stiffness analysis of a simple truss, 


reference thereunder) ; PIPE 

See JETTIES; SPILLWAYS TRUCTURES ; STRUC- 

WHEEL LOADS WATER, FLOW OF, IN PIPES 
TRAINSHIPS PUNNEL LININGS 


See SHIPS AND SHIPPING (cros Measurements in_ the Ap pa- 
reference thereunder) lachia Rex A. Elder, 1249. 


See RAILROAD TRAINS (cross ref- 
__See WATER, FLOW OF... 
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SUBJECT } 


See TUNNELS, WATER 


_ TUNNELS, WATER 

See also INTAKES; WATER 
AW 


“Friction Measurements in_ the ORATION STATIONS © 


_ lachia Tunnel,” Rex A. Elder, 1249. 
TURBULENCE (water agitation) 


See also FRICTION... ; WATER, 
OF... WATER, 
“Mechanics of Streams with Movable 

of Fine Sand,” Norman 
Brooks (with discussion), 526. 
7: ‘Mechanism of Reaeration in Natural 
_ Streams,” Donald J. O’Connor and 
om ‘Open-Channel Flow at Small Reyn- 
olds Numbers,” Lorenz G. Straub, 
_ Edward Silberman and Herbert C. 
Nelson (with discussion), 
Re-aeration in natural streams, 663. 
TORSION; also w under relative 
material, structure or structural part, 4 


eg. BRIDGE FLOORS AND 
FLOORING 


Ped 


APRA 
See STRENGTH OF MATERIALS 


See ‘SUB-.. (cross on references 


UNDERFLOW 
See SEEPAGE; WELLS 


«See. CORROSION AND PROTEC. 

_ UNDERGROUND STRUCTURES 

4 under type of structure, e.g., CON- 

DUITS; PIPES AND ~ PIPING 

~ (cross references thereunder) ; SEW- 

_ ERS; see also under related subject, V 

CORROSION AND PRO- 

COR 

_ UNDERGROUND WATER 
= UNDERSEEPAGE i 

See SEEPAGE” 

UNDERWATER CONSTRUCTION 


See under type of construction; see 
EXCAVATION, HYDRAULIC 


(cross reference thereunder) 
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PACT; 


INDEX 


HO" 
‘UNITED > STATES» WEATHER | 
See under relative subject, e. EVAP- 


UPLIFT, HYDROSTATIC bit 


See RIVER VALLEY AUTHORI- 


VALLEYS (General) 


a See also DRAINAGE; also. ‘under 1 re- 
lated subject, e.g., RIVERS 


VALLEYS (Geographical) MOLT 
Apalachicola River Basin 


‘The Apalachicola River Basin Proj- 


ect,” Clement P. Lindner, 973. 
Mississippi River Valley 


_ Sand strata permeability in the alluvial 
valley of the river, 869, 881, 882. 


Missouri River Basin 


_ “Experiences with Loess As Foundation es 


as half of ‘the 
“Effects of Storage 
Water Quality,” Milo A. 
“Friction Measurements in the 
- lachia Tunnel,” Rex A. Elder, 1249. 


VALUATION 
See also COSTS W bes 


Land value changes as related to loca-_ 
tion of thruways, 465. 

VEHICLES 
a See types: of vehicles, 

MOTOR VEHICLES (cross 

specific type of vehicle, AUTO-- 

MOBILE references there- 


VEHICULAR TRAFFIC 


WATER, 
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FOUNDATIONS, UNDERWA- "VIBRATION 
— 


Resistance Rock- Fill 
~ Dams,” Ray W. Clough and David 
 Pirtz (with discussion), 792. 
WATER, FLOW OF. 
VELOCITY METERS 


VELOCITY DISTRIBUTION 


WASTE MATERIALS» 


WAST 
‘See INDUSTRIAL WASTE... ; ; 

a SANITATION (cross references 
SEWER... ; "WATER 


See cross references ‘under WAST 


(cross reference thereunder) 

VESSELS 


See SHIP... (cross reference there- 
under) ; seealso BARGES 


VIBRATION 


“Earthquake Rock- Fill 
Dams,” Ray W. Clough and David 
Pirtz (with discussion), 792, 


RECORDING APPA- 

ae Oscillograph | types used for recording 

--vibration of Tock- fill dams, 801. 

also WATER, FLOW OF 

“Mechanism of Reaeration in Natural 

Streams,” Donald J. O’Connor and — 

William E. Dobbins (with discus- 


olds Numbers,” 
Edward Silberman and Herbert 

4 “The ‘Viscous Sublayer Along a 
Smooth Boundary,” 


stein and Huon Li, 298. 


Edward "Silberman ; Nicols N. Am 
- braseys; and Hans A. Einstein an 


_ See under relative structure or type of 
wall, eg., BREAKWATERS; SEA 


WAR AND ENGINEERING 
cross reference under MILITARY 


See BUILDINGS ; FREIGHT TE 


WASTE WATER 
_ See INDUSTRIAL WASTE; SE 


WASTE: ‘WATER, UTILIZATION | 

‘Dynamic Stresses in Continuous Plate-_ 
Girder Bridges,” Roy C. Edgerton 
Gordon W. Beecroft (with dis- 


TIONS. 


“Open- Channel Flow at Small Reyn- 
Lorenz G. Straub, 


Nelson (with discussion), 685. 


WASTE OF WATER 


WATER CONSERVATION 


TERS CONSUMPTIVE USE. OF 


DISPOSAL; SEWERS; 
____ WATER POLLUTION 


See WATER STORAGE 
See also ‘AERATION: BACKWA: 


CONDUITS; COSTS. 
‘DAMS; ‘DRAINAGE; “DRAW 


der); ; DROP-DOWN (cross refer- 
ences thereunder); EROSION... 


ay 


FILTRATION, SEWAGE; 
FLOODS; ‘FLUMES; FOUNDA_ 
GOVERNMENT 
(cross references thereunder) ; 
GROUND WATER; HYDRAU- 
rie  HYDRO-... IRRIGA- 
TION; LAND _SUBMERGENCE 
Uwe. (cross references thereunder) ; 
hem MARSHES; METERS AND ME 
TERING...; MODELS, 
DRAULIC; OCEAN...; "OXY- 
GENATION; “PIPE LINES; 
PIPES AND PIPING (cross refer- 
ences thereunder); RAINFALL; 
RESERVOIRS; RIVER... RUN- 
SANITATION (cross refer- 
ences thereunder); SEEPAGE; 
_ SEWAGE DISPOSAL; SEWERS; 

SPILLWAYS; SPREADING BA- 
SINS; SPREADING, WATER; 
STORM WATER (cross references 
thereunder) : TANKS TER- 
MINOLOGY; TUNNELS, WA- 

TER; TURBULENCE; WAVES 
ATER ACCELERATION 


w 


WATER CLARIFICATION Ke 
WATER 


DOWN’ (cross reference thereun 


— 
| 
— 
— 
eé 

iii 

— 
iii 

— 
— 
— 

| — 

— 

a 

— 

— 

— 

— 

— 
— 
— 
— 
— 

| 2 
~ 

R- 


4 
ECE 


thereunder); RIVER VALLEY 
AUTHORITIES; SPREADING, 
WATER; WATER STORAGE 


“Surface Water Resources,” Joseph 


WATER, CONSUMPTIVE USE vd 
“Evaporation from Rats Water Sur- 

faces at High Altitudes,” Harry F. 


Beds of Fine 


TERING, CURREN - SE 
MENT AND SEDIMENTATION; 
SILT AND SILTING, CHANNEL io 
“Design of Venturi Flumes in Circular | 
” Edwin A. Wells, Jr. and 


of Streams” with Movable 
Sand,” Norman 
Brooks (with discussion) , 526. 
“Mechanism of Reaeration in Natural 
Donald J. O’Connor and 
William E. Dobbins (with discus-_ 
“Old River Diversion Control” : 
_ Symposium, John R. Hardin; Eu 


and Woodland G. Shockley; and 2 


or gene A. Graves; Willard J. Turnbull | Vs 


Norman R. Moore, 1129, 
‘Open-Channel Flow at Small Reyn- 
olds Numbers,” Lorenz G. Straub, 


Edward Silberman and Herbert C. 
WATER TREATMENT Nelson, 685. Discussion: Wallace M. 


_ WATER DISTRIBUTION Lansford and James M. Robertson; 
See CANALS; CONDUITS; IRRI- Chesley J. Posey; and Lorenz G. 
av GATION; PIPES AND PIPING Straub, Edward Silberman 
references thereunder ) C. Nelson, 707,00 
WATER DIVERSION Theory of singular points in 
(See also COSTS, WATER DIVER- eas study of water surface profiles, 50. 
‘Mississippi River diversion control plan Channels,” Francis scofhier, 4 
3 structure requirements with Discussion: Achille Lazard; Leon J. 
_ hensive procedures to prevent change ; ai: Tison; and Francis F. Escoffier, 57. 
“The Viscous Sublayer Along a Smooth 
“Old River Diversion Control”: Boundary,” _ Hans A. Einstein and 
Symposium, John R. Hardin; Eu- Li (with discussion), 293. 
gene A. Graves; Willard J. Turnbull WATER, FLOW OF, IN PIPES 
&y 


“un Blaney (with discussion), 385. 


‘Woodland’ G. Shockley ; and See also PIPE LINES; PIPES AND | 
Norman R. Moore, 1129. PIPING (cross references thereun- 
WATER, FLOW OF (General) den) PUMPS AND PUMPING; 
also FLOODS; FLUMES; FRIC- SEWERS; WATER P RESSURE 

TION; GROUND WATER; Comparison of open channel flow 
HYDRAULICS: MODELS,  HY- flow at small Reynolds numbers, 
-BULENCE; _VISCOSITY; WA- “Friction Measurements in the Apa- 
ER GA TES, MO VAB LE Tunnel,” Rex A. Elder, 1249. 
WATER, FLOW OF, Boundary,” Hans A. Einstein and 
DRAINAGE BASINS Huon Li (with discussion), 293. 
v WATER, FLOW OF, IN FLUMES ‘See WATER, FLOW OF, IN OPEN 
See WATER, FLOW OF, IN OPEN CHANNELS 
CHANNELS ARS WATER, FLOW OF, 

WATER, FLOW OF, IN OPEN 
See also BACKWATER; DROP- . OF, IN OPEN CHANNELS Rae 

DOWN (cross references thereun- WATER, FLOW OF, THROUG 
REARS) STREAM F LOW; “A Flow Controller for ‘Open or Sat 
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"WATER, ‘FLOW OF, THROUGH WATER, OXYGEN 


GROUND WATER; SPREAD- 


WATER FRONT 
= See BREAKWATERS; 
HEADS; DOCKS. 
TIES; PILES AND PILE’ DRIV- 


ING; WATER TERMINALS; 


WATER TRANSPORTATION 


“WATER GATES, MOVABLE 


See also COSTS, WATER GATE | 
(MOVABLE); STRESS 


STRAIN—Water Gates, Movable 
-“Anchorages for Large Tainter Gates, 
_ Alexander H. Kenigsberg, 409. Dis- 
Stephen Wearne, and 
Parallel arms tainter gates. and their 
“Trends in Hydraulic Gate Design, 
Dow A. Buzzell, 27. Discussion: 
Abrahar Streiff ; George R. Latham; 
William G. H. "Holt ; 
3 Chetty ; William G. 
Dow A. Buzzell, 33. 
WATER, GROUND 
See GROUND WATER 


IMPOUNDING 


_ AGE; WATER STORAGE 
‘WATER INSTRUMENTS 


See alsoGAGES... ; METERS AND 

“Soil Lysimeters in Waste Water Rec- | 
 “lamation Studies,” Gerald T. Orlob 

See also RIPARIAN RIGHTS; 
tt _ TER RIGHTS; see also other 


subject headings under WATER..., 
eg, WATER SUPPLY LAW 


Water Quality,” Milo A. Churchill, 


“Surface ‘Water Resoure Joseph 
WATER MAINS 


See PIPES AND PIPING (cross ref- 
thereunder) ; WATER SUP- 


(stream velocity) 


METER- 
See METERS AND METERING, 


es, 


“AND 
JET- 


= 
Kandaswami © 
and 


See RESERVOIRS, WATER STOR- 


WATER RIGHTS on short 
“Effects of Storage Impoundments on 


ALURA 


PIPES AND PIPING 


PIPES AND PIPING (cross 
erences: thereunder) ben” 
See also AERATION; BACTERIA 
INDUSTRIAL WASTE; > 
GENATION; SEWAGE DIS- 
POSAL; WATER TREATMENT 
Re-aeration in natural ‘streams, 663 
3 “Mechanism of Reseration in Natural 
- Streams,” Donald J. O’Connor and 
‘William Dobbins (with discus- 
WATER PONDAGE 
See WATER STORAGE 
WATER POWER 
See DAMS; MULTI- PURPOSE 
PROJECTS; RIVER VALLEY 
‘See also GAGES, PRESSURE; ‘PIPE 
-“Anchorages for Large Tainter Gates,” 
Alexander. H. Kenigsberg (with dis- 
Or. 
Measurements in the pa- 
_lachia Tunnel,” Rex A. Elder, 1249. 7 


a ig wellpoints, 


WATER 


WATER RESISTANCE 
FRICTION; HYDRODYNAM- 
SOLIDS, FLOW OF (cross 
references thereunder) ; ; TURBU-. 
"See also RIPARIAN RIGHTS; WA- 
Roswell Basin rights in New Mexico 
under scrutiny (1958), 781. 
WATERSHEDS 
See RAINFALL; RUNOFF 
4 WATER STORAGE ARTAW 
also RESERVOIRS...; WA- 
CONSERVATION (cross ref- 
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“WATER STORAGE (Continued) ‘TERMINALS 


“Effects of Storage Impoundments on 


Water Quality,” A. Churchill, “Shoreside Facilities for Special-Pur- As 


lamation Studies,” Gerald T. Orlob WATER TRANSPORTATION 
and Robert G. Butler (with discus- _ (General) — 


‘gr ‘also BARGES; CANALS; 
4 CHANNELS; DOCKS AND 
SEWAGE DISPOSAL; WHARVES; FREIGHT... ; 
WATER SUPPLY (General) LINES: RIVERS; 
AERATION; | DAM ay WATERWAY; TRANSPORTA- 
“FLOOD. - GAGES TION; WATER FRONT (cross 
“WATER: IRRIGATION; ME- thereunder): WAT? 
TERS AND METERING; PIPE 

LINES; PIPES AND “PIPING Bi, Clearances” : A Symposium, 
(cross. ’ references thereunder); Eugene W. Weber, Kurylo, 
PUMPS AND PUMPING; RAIN- E. Cleary, Nickles L. Ca- 

FALL; RESERVOIRS: SILT ruthers, and Erhard E. 

AND SILTING; SPREADING 9 = 

4 TUNNELS, WA- Modification of vessels to meet needs 


WATER SUPPLY (Geographical) a 4 Towboat types in their relation to vl 


Problems of Miami, Florida, Long Is- WATER TREATMENT 


s 


land, New York, and Mississippi, See also AERATION; _AGGRE- 


785, 787, 790. GATES AND “AGGREGATION; 


States BACTERIA; WATER | POLLU- 
sift 


“Effects of Storage Impoundments on AG 
Water Quality,” Milo A. ‘Churchill, ‘Effects of Storage Impoundments on 
Water Quality,” Milo A. Churchill, 
‘United States roy t HET A' 


WATER TUNNELS 
“Importance of Water in the 
Economy,’ Albert G. Fied- See TUNNELS, WATER 


Total Wi ater requirements and ground GROUND WATER 
Water 1900, 1955s compared for WATER VELOCITY METERS 
year 1975, 778. for “See, METERS AND METERING, 


Losses due to evaporation at high alti-_ rg 


Problem areas, including Roswell arte-_ DISPOSAL; SEWERS; 


=- 


WATER POLLUTION 
sian basin in New M Foe 
western area, 778, 78." WATER, WASTE OF _ 


New Mexico ground water state a 
states, 780, 790. WATER, WASTE, UTILIZATION» 
WATER SURFACE EVAPORA- 


ait 
WATER SURFACE PROFILES ‘See WAVES 


BACKWATER; WATER, (General) ¥ 


FLOW OF, OPEN N- also BRIDGES; _ CANALS; 


4 


a 
— 
= 
if 
— 
— 2 
— 
| 
— 
al 
a 
— 
— 
— 
— 
— 
— i = 
— 
| 
a 
— 
a | ‘a 
— 


ww 


: 
WATERWAYS (General) (Continued) WEBS 
DOCKS AND WHARVES; CONNECTORS: “AND CON-. 


ences thereunder) ; RIPARIAN 
E See under ‘relative subject, 
RIGHTS; RIVERS; A. 
WELL DRILLING INDUSTRY 
I \ - 
TATION alo Economic importance ce of industry, 777. 
Eugene W. Weber, Walter Kurylo, See also GROUND | WATER 
William E. Cleary, Nickles L. Ca- “Importance of Ground Water in the 
a and Erhard E. Dittbrenner, ak? National Economy,” Albert G. Fied- 
WATERWAY TRAFFIC ‘Laboratory and In-Situ Permeability 
= See TRAFFIC, WATERWAY of Sand,” I. Mansur, 868. 
See WATER TRANSPORTATION 
WATERWORKS 
«See DAMS; INTAKES; 
AND PIPING (cross _ references 
thereunder) ; RESERVOIRS ; TUN- and Ww. Beecroft (with dis 
NELS, WATER; WATER STOR- cussion), 2 
AGE; WATER’ SUPPLY; WA- cussion), & | 
TER’ TREATMENT; WATER, WIND.. 


7 WASTE OF _Feferences EROSION, BEACH 


ILES AND PILE DRIVING; © 


Thorndike Saville, Sty See under general types of works, eg, 


WEATHER Tage io WORKS (cross references 


FLOODS; HYDROLOGY; ME- 
TEOROLOGY (cross references of works, eg., SEWAGE WORKS 
thereunder); RAINFALL; TEM- Hay (cross reference thereunder); WA- 
PERATURE; WIND.. TERWORKS (cross references 
thereunder) ; see also cross — 


WEATHER ‘BUREAU, UNITED 


See under relative subject, e.g., EVAP- SAFETY (cross there- 
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Memoir of, 1286. lana ‘Soil Lysimeters in Water Rec- 


fill dams, 811. Bi 4 “Buzzel, Dow As YA 
‘Viscous st sublayer, 31s. in Hydraulic Gate | Design,” 
Tung Cain, FrankJ. ALT AW 


Shells, 1014. Camp, Thee 
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Improved Dilution ‘Method for 
 Beecroft,GordonW. ¥ 
_ “Dynamic Stresses in Continuous Plate- 
Girder Bridges,” 266. Chaudhuri, Pranab ‘Kumar | 
B Load distribution, 1245. 
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“Cost Allocation for Multiple- Purpose Chesson, Eugene, Jr 
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of Stable Canals and 
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Diachishin, Alexander N. Gannett, Farley om. 


“Bridge Clearances (symposium) : Prob- 
ransportation Planning (sympo- 
lems in Northeastern United States,” sium): The Port a Focal Point,” 


of Reaeration in Natural f, 1292. 
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“Dynamic in Continuous Plate- 


“Design of Venturi in Circular 


Edmonston, Arthur Donald “Conduits,” 749. 


Elder, Rex “Control of Highway Access (sympo- 
“Friction Measurements in ‘the Apa- sium) : Economic Effects of the Cult 


_lachia Tunnel,” "1249. base _ Freeway,” 
Ellingson, Olaf John Sverdrop doe ‘Hackett, Allen Storr | 
“Harrison County (Mississippi) Arti. _ Soil modulus, 1065. 
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